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Abstract 

Nearly all life history traits scale with body size, imparting incredible importance 

on control of growth and size during animal development. Nutrition, genetic and 

environmental inputs influence the growth rate during development to determine 

final body size. These inputs are processed by the insulin/insulin-like growth 

factor signaling pathway (IIS), which is the major regulator of growth, and other 

pathways, like TGF-β, which modulate tissue growth or IIS. Mutations in the gene 

coding for the Drosophila TGF-β ligand Activinβ (Actβ) cause reduced final body 

size and accelerated growth termination. Using the Gal4/UAS system, I show 

Actβ is expressed in distinct cell types in the nervous system. Using rescue 

experiments, I show the Actβ phenotypes can be rescued by overexpression of 

Actβ in some, but not all, of the cell types in which it is endogenously expressed. 

Additionally, the growth rate of Actβ mutants is reduced, demonstrating the size 

phenotype is not simply due to early growth termination from precocious timing. 

Muscle-specific knockdown of the TGF-β signaling transducer/transcription factor 

dSmad2 also reduces body size, identifying muscle is a target tissue of the Actβ 

signal. The change in body size is due to a reduction in the size of skeletal 

muscles, not a systemic reduction in size. Autophagy markers are upregulated in 

Actβ mutants but, surprisingly, overexpression of autophagy regulators does not 

rescue the Actβ size phenotype, indicating Actβ regulation of autophagy is TOR-

independent. These results provide new insights into mechanisms of body size 
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and muscle size control during animal development. This thesis details the 

functions of Actβ in the regulation of body size and developmental timing. 

Chapter 2 describes the study of how Actβ controls body size and developmental 

timing. Chapter 3 investigates the roles of Actβ in regulating metabolism and IIS.
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Body size among extant members of the animal kingdom varies by as much as 

17 orders of magnitude (McClain and Boyer, 2009). The blue whale can reach 

lengths of 30 meters, while the smallest free-living insect, the beetle Scydosella 

musawasensis, is only 325 micrometers long (Polilov, 2015). Body size also 

varies over evolutionary time, as some extinct animals were not as limited as 

their modern-day relatives with respect to body size. Members of the genus 

Meganeura from the Carboniferous period, ~300 million years ago (Ma), grew to 

have wingspans of over 70 cm (30 in), while the largest extant dragonfly, 

Petalura ingentissima, has a wingspan of only 16 cm (6 in) (Figure 1) (Shear and 

Kukalová-Peck, 1990). Although body size varies widely among different species 

and even related species over evolutionary time, within a species, animals have 

a rather narrow range of sizes and failure to achieve, limit, or maintain those 

sizes is often detrimental in terms of physiology, locomotion, predation, and 

homeostasis.   

 

1.1 The importance of body size   

An animal’s size is critically important for determining its place in the 

ecosystem as body size impacts nearly every life history trait, including life span, 

metabolic rate, population size, and population density (Calder, 2001). These 

and other traits scale with body size, a property known as allometry (Gillooly et 

al., 2008; Huxley, 1932). This allometry is described by the power function, in 

which Y is a dependent variable, for example metabolic rate or temperature, M is 
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body mass, Y0 is a normalization constant, and b is the allometric exponent, in 

the formula  

Y = Y0Mb (Huxley, 1932). 

As biomass accumulation is what drives organismal volume, one would expect b 

to be a multiple of 2/3 (West, 1997), just as surface area of a cube or sphere 

scales to its volume to the 2/3 power for the allometric exponent b (Brown et al., 

2004). The actual empirical value of b is nearly always a multiple of ¼, such as 

that for metabolic rate (Kleiber, 1932, 1947; West, 1997). This discrepancy is 

explained by the “quarter-power scaling” in which the allometric exponent is 

constrained by branching of nutritional supply network and its volume rather than 

the organism’s volume itself and the interplay between physiological and 

geometric limitations of the three principles, although quarter-power scaling is still 

somewhat controversial (Agutter and Wheatley, 2004) 

 Building on Kleiber’s Law and quarter-power scaling is the Metabolic 

Theory of Ecology (MTE) (Brown et al., 2004). MTE is a macroecological theory 

which relates the organism’s body size and body/environment temperature to its 

metabolic rate, which is set by the body size (Brown et al., 2004). Two equations 

relate these three measurements and explain large amounts of the variation even 

where differences in the measurements is by orders of magnitude (Brown et al., 

2007). Many life history traits, such as individual and population growth rates and 

even lifespan exhibit temperature dependence, and Brown et al. suggest these 

and other life history traits are determined by metabolic rate as a function of body 

size (Brown et al., 2004). Indeed, Brown et al. and others showed scaling with 
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body size (and temperature) of ontogenetic growth, mortality, population density 

and species diversity (Figure 2) (Brown et al., 2004; Gillooly et al., 2008). Thus, 

organismal size is a defining feature that determines many critical traits.  
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Figure 1. Body size differences between extinct and extant dragonflies 

Fossil cast of an insect from the family Meganeuridae. Modern day dragonfly 

outline for size comparison in upper right. From: (Painter, 2013) 
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1.2 Variation in body size  

 Body size is a dynamic trait acted on by natural selection over 

evolutionary time. Interestingly, when grouped by taxonomic families, species 

biodiversity correlated strongly with body size range across metazoa, though it is 

not clear if species richness is causal in driving selection (McClain and Boyer, 

2009). Diversification of body size can occur in bursts, such as that for mammals 

after the K-T boundary 66 Ma (Cretaceous-Tertiary (K-T)/ Cretaceous-Paleogene 

Boundary) (Alroy, 1998). Miniaturization, an extreme size decrease within a 

lineage, occurs more frequently in reptiles, amphibians, and fish than other types 

of animals and is often more extreme (Hanken and Wake, 1993). Miniaturization 

occurs along with physiological and morphological changes, including loss of 

organ systems or evolution of novel features (Hanken and Wake, 1993; Rensch, 

1948; Villolobos et al., 1988). Giantism and miniaturization are prominent in 

certain biomes, such as Antarctic, island, or deep sea biotas (Hanken and Wake, 

1993; Lipps and Hickman, 1982; Sanders and Allen, 1973; Sondaar, 1977). 

Evidence of how these types of body plans have evolved on a molecular level is 

now becoming available. The tardigrade Hypsibius dujardini, for example, 

achieves its compact body plan through deletion and disruption of Hox genes 

and subsequent loss of body segments (Smith et al., 2016). Throughout 

evolution, body size is a trait frequently in flux and evolved alongside molecular 

and morphological traits, giving each species their characteristic size, appropriate 

for that species’ physiology and niche at a given time in evolutionary history.  
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 Even within a species, size can vary substantially around the 

characteristic median. Differences in the growth rate or timing of growth 

cessation at the onset of maturation in determinate growth animals determines 

final size. Additionally, some triclads, free-living flatworms with three-branched 

intestine, can degrow from their adult size upon starvation (Calow, 1978). The 

triclad Dendrocloelum lacteum switches its prey strategy from active to “sit and 

wait,” decreasing its metabolic rate and undergoing degrowth when starved 

(Calow and Woollhead, 1977). In the planaria Schmidtea mediterranea, 

starvation-induced degrowth occurs through a decrease in cell number as a 

result of cell death without negative physiological consequences (González-

Estévez et al., 2012). A major portion of variation in a given population is due to 

sexual size dimorphism (SSD), occurring frequently in both plants and animal 

species in which the different reproductive organs are found on different 

individual organisms (Fairbairn, 1997). While many examples of sexual 

dimorphism are thought to be a result of sexual selection through mechanisms 

like differential parental investment, SSD follows “Rensch’s rule” in which the 

difference in size between males and females within a species will change based 

on which is larger: increasing where females are larger, decreasing where males 

are larger (Abouheif and Fairbairn, 1997; Fairbairn, 1997; Rensch, 1950). In 

humans, mechanistically, at least some of the difference in final adult height 

between males and females is due to peaks of steroid hormone testosterone 

during puberty. Hormone peaks during puberty increase the growth rate before 

bone plates fuse, resulting in an approximately 9% average height difference 
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between males and females (McDowell et al., 2008). This is due 

phenomenologically to differential rates and durations of the pubertal growth 

spurt between males and females and mechanistically to differential production 

and possibly responsiveness to estrogen and testosterone by males and females 

during puberty (Bogin, 1999; Riggs et al., 2002).  

  Environmental influences are a major factor affecting body size of 

individuals within a species, as they can vary heavily across habitats and even 

between animals (Scriber and Slansky Jr, 1981). In the halibut Hippoglossus 

hippoglossus, an obligate carnivore, higher percentage levels of dietary 

carbohydrates impedes growth 17% when substituted for protein (Hjertnes and 

Opstvedt, 1989). Although glucose plays a critical role in mammalian 

metabolism, this variance is due to differential use of fundamental metabolic 

pathways, and dietary carbohydrates can even increase mortality in fish (Hemre 

et al., 2002). Nutrition can also impact morph determination in aphids (Mittler and 

Sutherland, 1969). In hemimetabolous aquatic insects, water temperature during 

the growth phase is the critical factor determining adult size, as manipulating 

rearing temperature influences final size (Sweeney and Vannote, 1978). The 

photoperiod can affect the duration of growth, as observed in the tobacco 

hornworm Manduca sexta, which delays metamorphosis if a minimal weight is 

not reached during the light portion of the cycle, resulting in larger animals (Beck, 

1980; Nijhout, 1975; Truman, 1972). External factors act in combinatorial and in 

hierarchical fashion to impact growth and final body size through a variety of 

mechanisms, some of which are more influential in some animals than others. 
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Figure 2. Life-history traits scale with body size 

Temperature-corrected measures for aspects of developmental time exhibit 

similar y-intercepts, demonstrating constraint of these features by body size. 

Generation= generation time, Hatching= time to hatching, heartbeat= time to first 

heartbeat. From (Anderson-Teixeira et al., 2009) modified from (Gillooly et al., 

2008).	 
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1.3 Body size and developmental timing in humans 

 In humans, final adult height is determined by growth of the long bones 

and is influenced by a number of internal and external factors. The majority of 

gain in adult height is a result of elongation of the long bones via endochondral 

ossification of cartilage to bone and terminates when the epiphyseal plates fuse. 

During the juvenile phase of human development, the growth rate has distinct 

phases, the pubertal phase being unique to humans and being driven by 

hormone production. Human growth hormone (hGH), is the major regulator of 

postnatal growth and is secreted by the anterior pituitary of the brain (Figure 3). 

hGH signals to the liver to produce insulin-like growth factor-1 (IGF-1). IGF 

binding proteins (IGFBPS) are also secreted and function to antagonize IGF-1 

binding to its receptor to block signaling. IGF-1 from the liver and from 

chondrocytes signal to the epiphyseal growth plate to stimulate cell proliferation 

and thus, bone growth. Growth hormone releasing hormone stimulates 

production of IGF-1, while somatostatin inhibits production of IGF-1, and both are 

produced from the hypothalamus. Additionally, IGF-1 exhibits negative feedback 

on hGH. Genetic loci were identified on one genome wide association (GWA) 

study that explained ~10% of human height variation (Lango Allen et al., 2010). 

Puberty, along with its growth spurt, and its onset in humans is regulated by a 

neuroendocrine axis, specifically the hypothalamic-pituitary-gonadal axis, 

beginning in hypothalamic neurons of the brain at the Kisspeptin neurons which 

secrete KISS1. The receptor, KISS1R, is expressed on the Gonadotropin-

releasing hormone (GnRH) neurons, also in the hypothalamus, which produce 
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GnRH in response to KISS1. GnRH signals to the pituitary gland, regulating 

release of luteinizing hormone and follicle-stimulating hormone, which signal to 

the gonads to produce steroid sex hormones to effect sexual maturation changes 

in peripheral tissues. Many factors can influence the timing of puberty including 

the light-dark cycle and climate, nutrition, body mass, and genetics (Frisch and 

Revelle, 1970; Parent et al., 2003; Shin, 2016).  
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Figure 3: Regulation of human height by hormone signaling axes 

Hormone production in the hypothalamus and the anterior pituitary of the brain 

signal to other tissues to affect additional hormone production. In the liver, IGF-1 

secretion in the circulation signals to the long bones to stimulate chondrocyte 

proliferation, also regulated by local sources of IGF-1. Inhiting pathways include 

somatostatin to the anterior pituitary and IGF-1 from the liver on the hypothalus. 

From (Linder and Melby, 2018).  
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1.4 Drosophila as a model to study body size and developmental timing 

 Drosophila melanogaster is a key model system for the study of both body 

size and developmental timing. To study these processes carefully at the genetic 

level requires careful control of many factors. Body size in individuals across a 

given species often varies widely, requiring a large number of animals for 

experimental statistical significance. Additionally, environmental factors, including 

nutrition, temperature, and rearing density can impact health and growth and 

need to be controlled. Use of Drosophila melanogaster as a model organism 

allows for a large number of animals per experiment with relative ease, while 

controlling environmental conditions in the lab. Fly stocks have a relatively 

uniform genetic background to limit potential background effects. As a genetic 

model, Drosophila allows for the relatively easy discovery of novel points of 

growth regulation by identifying new mutants with size phenotypes.  

 Decades of Drosophila research have provided additional tools which 

benefit this type of study. The ease by which transgenic flies can be generated 

has allowed for multiple large public collection of fly stocks (Bloomington Stock 

Center). Many of these utilize the Gal4/UAS system, a binary system which 

drives tissue-specific expression of a gene of interest (Brand and Perrimon, 

1993). Alternatively, the Gal4/UAS system can be used to knock-down a gene of 

interest using RNAi (Perkins et al., 2015). Additional fly lines in the stock 

collection include published mutants or stocks for visualizing subcellular 

localization of tagged proteins. These reagents, along with a fully sequenced and 
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annotated genome (Hoskins et al., 2015), provide a platform to uncovering novel 

genetic mechanisms in Drosophila. 

 Drosophila shares functional homologs of the major growth regulating 

signaling pathways with vertebrates and also uses steroid hormones to regulate 

developmental timing. Flies have functional homologs of major metabolic organs, 

and energy production pathways are conserved (Tixier et al., 2013), and 

metabolism (Kim and Rulifson, 2004; Palanker et al., 2009; Tennessen et al., 

2011) and metabolic diseases (Luong et al., 2006; Morris et al., 2012; 

Musselman et al., 2011; Zhang et al., 2009) have been studied in flies. Likewise, 

pathways that regulate metabolism, like insulin signaling, are conserved and 

well-described in flies (described below). The Drosophila insulin/insulin-like 

growth factor signaling (IIS) pathway is homologous to the IGF-1 signaling axis in 

humans and other mammals, described above. Drosophila also use 

neuroendocrine regulation of developmental timing (described below), similar to 

vertebrate control of puberty timing via the hypothalamic-pituitary-gonadal axis 

(described above).  

1.5 Regulation of body size and developmental timing in Drosophila 

 Drosophila, like other holometabolous insects, undergo a complete 

metamorphosis during development of a non-feeding pupal stage, finally eclosing 

as non-growing adults. Final body size of individual Drosophila is then a product 

of the rate and duration of growth. The major regulator of the growth rate in 

Drosophila is the insulin/insulin-like growth factor signaling (IIS) pathway (Figure 

4). The Insulin Producing Cells (IPCs) secrete Drosophila insulin-like peptides 
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(dilps) that act cell-autonomously and non-autonomously to regulate cell growth 

(Böhni et al., 1999; Rulifson et al., 2002; Verdu et al., 1999). Dilp activation of the 

insulin receptor regulates metabolism (Broughton et al., 2005; Wang et al., 2007) 

and cell growth and division (Böhni et al., 1999; Brogiolo et al., 2001; Scanga et 

al., 2000; Verdu et al., 1999) to control growth rate (Rulifson et al., 2002), 

developmental timing (Walkiewicz and Stern, 2009) and final body size (Ikeya et 

al., 2002). Dilp expression and secretion is under the control of many factors 

including, signals from the fat body (Géminard et al., 2009), nutrient availability 

(Ikeya et al., 2002), amino acid levels (Koyama and Mirth, 2016), the presence of 

leucine (Manière et al., 2016) and glucose (Sano et al., 2015). 

 The determination of the timing of growth termination in Drosophila is 

regulated by neuroendocrine control of the transition from the larval to pupal 

stage. During the larval stage, the peptide Prothoracicotropic Hormone (PTTH) is 

produced in neurons (PTTH neurons) in the central brain. The PTTH neurons 

send axons to directly innervate the prothoracic gland, which produces the 

inactive form of the steroid hormone: ecdysone. In peripheral tissues, inactive 

ecdysone (E) is converted to 20-hydroxy ecdysone (20-E), signals through a 

nuclear receptor, and activates gene expression to initiate morphological 

changes required for pupariation. Changes in either IIS regulation of the growth 

rate or PTTH-Ecdysone control of developmental timing can have profound 

influences on body size, integrating sensitivity to both internal and external 

signals during development in the regulation of body size.   
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Figure 4. Intercellular signaling by the IIS and other pathways in Drosophila 

Dilp secretion into the hemolymph (center) from the NSC/IPCs (top middle) is 

impacted by circulating factors (Imp-L2 is shown). Dilps signal to peripheral 

tissues to activate intracellular signaling cascades in different cells contexts. In 

the peripheral fat body (right middle), IIS integrates amino acid transport through 

slimfast signals through TOR. In the prothoracic gland, IIS is needed for the 

production of ecdysone. a.a.= amino acids, InR= insulin receptor, EcR= 

ecdysone receptor, AKH= adipokinetic hormone, ILP=dilp, NSC= insulin 

producing cells/IPCs. From (Teleman, 2010).  
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1.6 TGF-β pathway superfamily  

 The TGF-β superfamily is well-conserved throughout metazoans, 

functioning critically in development, homeostasis, disease, and regeneration. In 

both humans and mice, there are 33 ligand-encoding genes, many of which can 

form both homo- and heterodimers allowing for intricate complexity. The ligands 

are defined by the “cystine knot,’ formed by 6 highly conserved Cys residues 

which form a uniquely organized disulfide bode (Galat, 2011). There are three 

types of ligands in the superfamily: TGF-β, BMP and Activin, which signal 

through dedicated pathways. 

 Ligand binding induces receptor complex assembly. The final assembled 

ligand-receptor complex is composed of a ligand dimer bound to two Type I and 

two type II receptors. Ligand binding enables the constitutive type II 

serine/threonine kinase to phosphorylate and activate the Type I receptor. This 

phosphorylation occurs in the GS (glycine serine rich) region of the 

juxtamembrane domain. During canonical signaling, the activated receptor 

complex then phosphorylates receptor-activated (R)-Smads which form a trimeric 

complex with a common (Co)-Smad. This complex then translocates to the 

nucleus where it binds DNA in collaboration with a wide variety of cofactors to 

regulate transcription. In vertebrates, Smad2 and Smad3 act downstream of 

TGF-β, Activin, and Nodal, while BMPs activate Smad1, Smad5, and Smad8. In 

all these pathways Smad4, acts as the co Smad. Inhibitory (I)-Smads (Smad6 

and Smad7) contain conserved MH2 domains, similar to that found in R- and Co-

Smads. These factors inhibit signaling through multiple mechanisms, including 
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blocking activated Type I receptors and activated R-Smads (Miyazawa and 

Miyazono, 2017). Numerous non-canonical signaling pathways exist in 

vertebrates which, together with the canonical pathways, result in diverse 

transcriptional responses that are highly context-dependent. This enables the 

TGF-β family to regulate multiple aspects of animal development and when 

dysfunctional cause disease.  

1.7 The TGF-β pathway in Drosophila melanogaster 

The canonical TGF-β pathway is well conserved from vertebrates to fruit 

flies, however Drosophila melanogaster has far fewer pathway components 

(Figure 5). This simplicity provides greater ease to uncover fundamental 

functions of the TGF-β signaling in the context of the developing animal. There 

are 7 TGF-β ligands in Drosophila, 3 of which are assigned to the Activin/TGF-β 

branch of the pathway, Actβ, Myo, Daw. The remaining four, Mav, Gbb, Dpp, and 

Scw, are homologs to the BMP branch of the pathway. Ligand binding to the 

extracellular receptors activates the pathway. Ligands signal through a 

heterometric receptor complex of two each type I and type II serine/threonine 

kinases. Punt and wit are type II receptors shared between the Activin and BMP 

pathways, while the type I receptors are dedicated, Babo for the Activin pathway 

and sax and tkv for the BMP pathway (Brummel et al., 1994; Serpe and 

O’Connor, 2006). Isoforms of Babo are generated from alternate splicing of a 

single exon, creating 3 ligand-devoted isoforms (Jensen et al., 2009).  

 Ligand binding to the receptor complex causes phosphorylation of the type 

I receptor by the constitutively active type II. The now-active type I receptor 
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phosphorylates the dedicated receptor-activated Smad for either pathway, 

dSmad2 in the Activin pathway or Mad in the BMP pathway (Das et al.; Raftery et 

al., 1995). The activated R-Smad complexes with the shared common-Smad, 

Medea, translocates to the nucleus to modulate transcriptional responses (Bai et 

al., 2013; Gibbens et al., 2011; Zheng et al., 2003). 
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Figure 5. TGF-β Signaling pathway components in Drosophila 

TGF-β signaling is simplified in Drosophila melanogaster, represented by two 

separate but equally important branches: Activin and BMP. Ligands from each 

branch signal through dedicated pathway components, except Medea, Punt and 

Wit, which are shared. Activin-type ligands signal through mutually-exclusive 

Babo isoforms, generated by alternative splicing of the exon that produces the 

ligand binding domain. From (Upadhyay et al., 2017). 
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 While the Activin and BMP branches share some signaling components, 

the two branches regulate very different aspects of Drosophila development. 

BMP is required for patterning early in Drosophila development (reviewed in 

Upadhyay et al., 2017). The Activin pathway, however, regulates aspects of 

developmental timing and physiology in both the larval and adult phases. 

dSmad2 functions in the prothoracic gland to regulate developmental timing 

upstream of Ecdysone production and release (Gibbens et al., 2011). Daw 

regulates insulin signaling, pupariation timing, and the TCA cycle during the 

larval phase (Ghosh and O’Connor, 2014). Daw signaling in the nervous system 

regulates starvation sensitivity (Chng et al., 2017). Daw also regulates axon 

guidance of motor neurons (Serpe and O’Connor, 2006). In the adult fly, Daw 

and Myo modulate lifespan (Bai et al., 2013; Demontis et al., 2014; Langerak et 

al., 2018). Myo functions during mushroom body remodeling upstream during 

larval development (Awasaki et al., 2011).  

 The Activin branch ligands act throughout the animal and often signal over 

long distances to their target tissues. Actβ signals from enteroendocrine midgut 

cells to the fat body to control AKH expression (Song et al., 2017a). Rescue of 

Daw from Insulin Producing Cells, oenocytes, or skeletal muscle/carcass 

restores p-dSmad levels in fat body (Ghosh and O’Connor, 2014). TGF-β 

pathway regulates difficult-to-study processes, including metabolism, 

developmental timing, and physiology, via inter-organ signaling, which makes 

Drosophila a powerful system to approach questions about these biological 

functions in a simplified but well-conserved system. 
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 This thesis explores the role of Actβ in regulating fundamental Drosophila 

larval developmental processes. Chapter 2 of my thesis details how Actβ controls 

body size and developmental timing. Chapter 3 looks closely at the functions of 

Actβ in regulating metabolism and IIS.   
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Chapter 2 

 

Neuronally-derived Actβ signals to the skeletal muscle to 

regulate body size independently from its role in controlling 

developmental timing  
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2.1 Introduction 

Body size varies drastically in the animal kingdom, but any given animal 

species has a small range of sizes the members will attain. While some animals 

grow throughout their lifetime, animals that exhibit determinate growth increase in 

size only until achieving a characteristic range of sizes, terminating growth at 

maturity. For animals exhibiting determinate growth, the rate and duration of 

growth determine the final animal size. Birds and most mammals are determinate 

growers and only substantially increase in biomass during the juvenile phase and 

cease growth upon achieving sexual maturity. In contrast, animals with 

indeterminate growth increase in biomass throughout their lifespan, including 

most species of cartilaginous and bony fish, amphibians, lizards, turtles, and 

salamanders. Throughout evolution, these differing growth patterns are used 

multiple times. For example, in both insect and annelid phylogenies, species with 

indeterminate growth are on more basal branches, prompting the suggestion that 

determinate growth is the ancestral condition (Hariharan et al., 2016).  

 Careful coordination of the growth rate and termination of growth must 

occur throughout development, as many different intrinsic and extrinsic factors 

influence growth. Regulation of the growth rate is controlled developmentally and 

often varies during the juvenile phase. In humans, the postnatal and pubertal 

growth rates are markedly higher than at other times in development.  Final body 

size is also a sexually dimorphic trait. Generally, in fish, amphibians, reptiles, 

spiders, and insects species, females are larger than males, however, the 

opposite is true in birds and mammals (Abouheif and Fairbairn, 1997). 
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Environmental conditions have important effects on the growth rate. The majority 

of ectotherms, for example, follow the temperature size rule: increased growth at 

lower temperatures (Walters and Hassall, 2006). One exception to the 

temperature size rule is the rough-skinned newt Taricha granulosa which 

increases its growth rate with warming temperatures and does not reach 

comparative sizes at cooler temperatures (Smith et al., 2015). Integration of 

these various inputs is likely regulated at a genetic level by the individual animal 

to modulate the growth rate and achieve final body size. 

 In humans, increases in height only occur during the juvenile phase and 

terminates upon maturation. This growth is driven by proliferation of 

chondrocytes in growth plates in, and thus elongation of, the long bones and 

spine and is terminated when the growth plates harboring these chondrocytes 

turn to bone. The molecular pathway regulating this process is the GH-IGF 

(growth hormone-insulin-like growth hormone) axis. This pathway begins in the 

pituitary gland with the release of GH, which promotes production of IGF-1 to 

stimulate bone growth. While the major signaling axis driving human height have 

been well described, one GWA (genome wide association) study identified loci 

that explain around 10% of phenotypic variation in human height (Lango Allen et 

al., 2010). Most of the identified genes were involved in bone plate development; 

few were related to global regulation of growth (Lango Allen et al., 2010). Thus, 

many questions about how animals regulate their growth and developmental 

timing in response to different cues remain to be answered and may best be 

addressed using model organisms.  
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In Drosophila, body size and developmental timing are intricately 

connected, with any given change in one typically impacting the other. After 

hatching, a larva increases in mass 200-fold before terminating growth at 

pupariation (Church and Robertson, 1966). During metamorphosis, no growth 

occurs while adult structures are formed from larval imaginal discs. Thus, body 

size is set before the adult fly ecloses from the pupal case in which nutrient 

intake and physical space are limited. The growth rate is regulated systemically 

by the insulin/insulin-like growth factor signaling (IIS) pathway in Drosophila. 

Loss of the single IIS receptor InR (Insulin Receptor) causes severe growth 

restriction (Brogiolo et al., 2001). Drosophila has seven copies of insulin-like 

peptides (dilps), three of which are produced and secreted into the hemolymph 

by the Insulin Producing Cells (IPCs) in the brain downstream of direct or indirect 

nutrient responses (Géminard et al., 2009; Ikeya et al., 2002; Koyama and Mirth, 

2016; Manière et al., 2016; Rajan and Perrimon, 2011; Rulifson et al., 2002; 

Sano et al., 2015). The timing of pupariation is also under hormonal control in 

Drosophila. Prothoracicotropic Hormone (PTTH) neurons in the brain extend 

axons which innervate the prothoracic gland (PG), which produces Ecdysone 

(McBrayer et al., 2007). PTTH production from these neurons bind to receptor 

Torso and activates synthesis and secretion of Ecdysone from the PG, which is 

converted into active 20-E in peripheral tissues (Rewitz et al., 2009; Yamanaka 

et al., 2013a). Peaks of circulating 20-E trigger the transitions between the larval 

instars and pupariation, which terminates larval growth (Richards, 1981). Growth 

and timing are also intricately connected by critical weight, the minimum weight 
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at which starvation no longer delays metamorphosis, which is thought to reflect 

the ability of the animal to determine its ability to survive the starvation of 

metamorphosis (Mirth and Riddiford, 2007; Mirth et al., 2005).   

The TGF-Beta signaling pathway is conserved across metazoans and has 

known roles in controlling cell size and body size. The two branches of TGF-Beta 

pathway, Activin/TGF-Beta and BMP, signal through type I and type II receptors, 

which phosphorylate R-Smads in a complex with Co-Smads to alter gene 

expression. In mammalian mammary cells, TGF-Beta cell-autonomously 

regulates cell size via mTOR during epithelial-mesenchymal transition (EMT) 

(Lamouille and Derynck, 2007).  BMPs function at the growth plate and have 

been identified by GWA studies as loci regulating human height (NOG, BMP2, 

BMP6) (Hirschhorn and Lettre, 2009). Myostatin, an Activin-type ligand, inhibits 

skeletal muscle proliferation and loss of the gene causes skeletal muscle 

hypertrophy in vertebrates (McPherron et al., 1997; Thomas et al., 2000). In C. 

elegans, a BMP-type ligand, DBL-1, acts dose-dependently to regulate body size 

via signaling to the hypodermis to regulate expression of cuticle genes (Tuck, 

2014). To explore how inter-organ signaling regulates body size and 

developmental timing, we investigated the role of the TGF-Beta pathway in 

controlling body size in Drosophila melanogaster. We chose to study the Actβ 

ligand on due to the observable body size and pupal lethality phenotype.  

Here, we show that Activinβ (Actβ) regulates both body size and 

developmental timing. Surprisingly, we find Actβ influences the growth rate and 

timing of developmental transitions independently, as each mutant phenotype 
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can be rescued by overexpression of Actβ in different cell types. Actβ signals 

from neurons to the skeletal muscle to control size but does so through an 

independent mechanism than the TOR/autophagy pathway although the two 

pathways interact.  

2.2 Results 

2.2.1: Actβ regulates body size, developmental timing, and adult viability 

Drosophila Actβ has been shown to be involved in a diverse group of 

developmental processes, including neuroblast proliferation, photoreceptor tiling, 

regulation of AKH, inter-organ regulation of mitochondrial function, and hemocyte 

function (Makhijani et al., 2017; Song et al., 2017b, 2017a; Ting et al., 2007; Zhu 

et al., 2008). We initially used two alleles of Actβ in our analyses: Actβed80, a 

nonsense mutation (Zhu et al., 2008), and ActβBG01941, a P-element-mediated 

deletion, which removes the coding sequence and additional genes. Additionally, 

we generated independent deletion mutations using the CRISPR/Cas9 system: 

Actβ4E and Actβ10E. In Actβ homozygous mutants, we observed a novel 

phenotype: small body size without morphological defect. To determine how Actβ 

regulates size, we first characterized the body size phenotypes. Adult Actβed80 

heterozygotes had no changes in adult mass or length (data not shown). Due to 

the rarity of homozygous adult escapers (Figure 1F-G), we focused on pupal 

size. We measured length and width of individual pupae and calculated pupal 

volume assuming a prolate spheroid shape (Demontis and Perrimon, 2009). 

Actβed80 heterozygous pupae did not have significantly reduced volume 

compared to wild-type controls (Figure 1A). However, Actβed80 homozygotes 
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were significantly smaller than wild-type controls by 21%.  ActβBG01941 

heterozygotes and homozygotes were also smaller than wild-type controls by 

32% and 30%, respectively (Figure 1A). ActβBG01941 heterozygotes were smaller 

than controls, unlike Actβed80 heterozygotes, possibly due to deletion of additional 

genes (Figure 1A). For example, unc-13 is also deleted in ActβBG01941 

heterozygotes. Animals trans-heterozygous for these alleles, Actβed80/BG01941 had 

reduced pupal volume compared to wild-type controls (Figure 1A). Controlling for 

additional possible background effects of other alleles on the fourth chromosome 

where Actβ resides is limited due to the lack of recombination on that 

chromosome. To control for any potential background effects, we generated 

novel Actβ alleles using the CRISPR/Cas9 system. Trans-heterozygous 

combinations of these new alleles with the reference allele (Actβed80/4E, 

Actβ10E/ed80, Actβ10E/4E) were each significantly smaller compared to wild-type 

controls by 21%, 22%, and 26%, respectively (Figure 1B). Taken together, the 

change in body size is significant, due to the absence of the Actβ gene, and 

possibly recessive as Actβed80 heterozygotes are unaffected as pupae. 

 Growth and developmental timing in Drosophila are almost always 

intricately connected, so we next asked if Actβ mutants also have a 

developmental timing phenotype. From a 3-5 hour synchronized egg lay, we 

measured the rate of pupariation using inversion of the anterior spiracles and 

cessation of movement as distinct markers. To compare the genotypes 

statistically, we calculated the time it takes 50% of larvae to pupariate, using the 

equation for a line, calling this the timing “half-point.” Actβed80 heterozygotes and 
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homozygotes are ~4 and 3.5 hours precocious relative to wild-type, respectively 

(Figure 1C). ActβBG01941 heterozygotes are ~5 hours precocious compared to 

wild-type controls (Figure 1D). Actβed80/4E, Actβ10E/ed80, and Actβ10E/4E trans-

heterozygotes are also precocious, by about ~10 hours each (Figure 1E). 

Decreasing temperatures slows the time to pupariation in Drosophila (Angilletta, 

2004). We next considered if Actβ mutants perhaps skip a minor checkpoint in 

the cascade to pupariation, resulting in the ~4-hour precociousness at 25°C, or if 

Actβ mutants are missing a key component of the developmental timing 

regulation. If a minor checkpoint is skipped, it is possible that this will not scale 

with temperature as would loss of a key timing component. To test this, we 

assayed pupariation timing of Actβed80 mutants at 18°C and found the Actβ 

mutants pupariated 12 hours early relative to w1118 controls– a remarkable 3-fold 

change in developmental precociousness (Figure 2E). Together, this data shows 

Actβ regulates multiple developmental transitions and this regulation can have a 

substantial effect at non-standard temperatures. 
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Figure 1: Loss-of-function Actβ mutants make smaller pupae, pupariate 

precociously, and have reduced adult viability (previous pages) 

Top: Actβed80 and ActβBG01941 (A) and Actβed80/4E, Actβ10E/ed80, and Actβ10E/4E (B) 

trans-heterozygotes demonstrate reduced pupal volume, calculated assuming a 

prolate spheroid geometry. Middle: Actβed80 and ActβBG01941 (C-D) and Actβed80/4E, 

Actβ10E/ed80, and Actβ10E/4E (E) trans-heterozygotes pupariate 4 and 9 hours 

earlier than controls, respectively. Bottom: Actβed80 homozygotes (F) and 

Actβed80/4E, Actβ10E/ed80, and Actβ10E/4E (G) trans-heterozygotes are pupal lethal 

with a very low rate of escapers ~1-2%. Escapers walk slowly, struggle to climb, 

and are unable to move their wings (data not shown). M=mean, N=number, 

R=rep. w1118 is wild-type. All others are alleles of Actβ. 
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2.2.2: Actβ controls growth and the timing of developmental transitions  

To investigate if Actβ mutants may be small independent of early growth 

termination, we measured the growth rate in Actβed80 mutants. The ActβBG01941 

deletion removes unc-13 which precludes this allele from use in larval assays.  

Tools available for chromosome 4 with a larval marker are limited to the pseudo-

balancer, which relies on a recessive lethal allele in unc-13 (unc-13-GFP). As 

ActβBG01941 lacks a functional allele of this gene, it is lethal over this balancer and 

cannot survival the larval phase. We began by staging all larvae at the third larval 

ecdysis to account for any changes in developmental timing between genotypes 

and then measured average wet mass every two hours. Initially, there was no 

difference in mass, but over time, a difference becomes apparent and increases 

substantially during the late third instar such that the Actβed80 mutants ultimately 

weigh 18% less than wild-type controls (Figure 2A) at the time of pupariation. 

The overall growth rate for the third instar larva is also significantly reduced in 

Actβed80 mutants (Figure 2B).  This change in growth rate likely accounts for a 

large portion of the body size phenotype, independent of precocious pupariation.   

To determine if other developmental transitions were also affected by loss 

of Actβ, we assayed the timing of the second-to-third larval instar molt. We 

staged Actβed80 mutants in a 3-hour egg lay and calculated the timing half-point 

of the third instar molt using two-hour time intervals (Figure 2C). We found 

Actβed80 homozygotes molt two hours earlier than wild-type controls (Figure 2C-

D). Thus, before Actβed80 mutants are observably smaller, they are 

developmentally precocious.  



 36 

This change in growth rate could be due to a coordinated reduction in 

larval organ size or a stunted growth of a singular large tissue. To distinguish 

between these possibilities, we measured aspects of body size from the small 

fraction of rescued Actβed80 mutant escapers. We increased the percentage of 

escapers by cracking the anterior portion of the pupal case towards the end of 

the pharate stage.  We found that the mass of Actβed80 mutant males was 

reduced 40% and mass of females 24% compared to wild-type (Figure 3A). Next, 

we measured the size of several specific appendages (wing and first leg) as well 

as the intra-ocular distance as an allometric variable in male escapers. The intra-

ocular distance, wing area and leg length were reduced 3.1%, 2.8%, and 2.2% 

(Figure 3B-D), respectively. The reduction in these appendages sizes and the 

intra-ocular distance does not seem to correlate with the overall reduction in adult 

mass nor with the volume changes seen in pupa suggesting that mutations in 

Actβed80 may uncouple organ and appendage scaling from overall body size 

during development.  

 Next, we asked what effect overexpression of Actβ in its endogenous 

pattern would have on specific developmental characteristics including pupal 

volume, pupariation timing, and pupal viability. For this purpose, we 

overexpressed Actβ using an Actβ-Gal4 promoter enhancer line (Langerak et al., 

2018; Song et al., 2017a). Compared to control animals with one copy of UAS-

Actβ-3B2 or the Actβ-Gal4 driver alone, animals driving UAS-Actβ-3B2 from 

Actβ-Gal4 have significantly increased pupal volume, delayed developmental 

timing, but no changes to pupal viability (Figure 4A-C). Strikingly, the timing of 



 37 

pupariation was delayed over 20 hours (Figure 4B), compared to the loss-of-

function Actβ mutants at 25°C which are 4-9 hours precocious (Figure 1C-E). 

Together, this data shows that Actβ regulates growth and developmental 

transitions dose-dependently. 
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Figure 2. Actβ regulates growth and developmental timing  

Actβed80 homozygotes accumulate less mass over time. Mutants and wild-type 

were both staged at the L2/L3 ecdysis (A-D). Actβed80 homozygotes grow slower 

during the third larval instar and are ~18% smaller in final wet mass at 36 hours 

after L3 ecdysis. The overall growth rate for the third instar is reduced in Actβed80 

homozygotes (B). The timing of the L2/L3 larval ecdysis was precocious in  

Actβed80 homozygotes and wild-type staged with an egg lay (C). Actβed80 

homozygotes molt ~2 hours before wild-type (D). At 18 °C, Actβed80 homozygotes 

pupariate ~12 hours earlier than wild-type controls from a developmentally 

staged egg lay (E).  M=mean, N=number, R=rep. 
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Figure 3. Actβ influences adult body and organ size (previous page) 

Male and female adult wet mass are significantly reduced in Actβed80 

homozygotes compared to controls (A). The distance between the eyes as 

viewed from the anterior view (intra-ocular distance) is reduced by 3% (B). The 

wing area is reduced by 2.8% (C). The length of the tibia and tarsal segments of 

the first (anterior) leg is reduced by 2.2% (D). M=mean, N=number, R=rep. 

Percent reduction is shown above graph. Organ size shown for males.  
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Figure 4. Actβ regulates size and timing dose-dependently  

Expression of UAS-Actβ using Actβ-Gal4 significantly increases pupal volume 

(A). Actβ>Actβ animals pupariate about ~12 hours later than controls (B). Adult 

viability is not significantly impacted in Actβ>Actβ animals (C). M=mean, 

N=number, R=rep.  
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2.2.3: Actβ is expressed in distinct cell types in the nervous system  

To help determine how Actβ signaling affects body size and 

developmental timing, we mapped its expression. We used two Actβ promoter 

fragments driving Gal4 to express either nuclear or CD8-fused GFP.  We found 

expression almost exclusively in the central and peripheral nervous systems in 

distinct cell types (whole animal image, Figure 5G), matching previously 

published in situs for Actβ in the central nervous system (CNS) (Zhu et al., 2008). 

In the central brain, Actβ promoter-driven Gal4 is expressed strongly in 

mushroom body neurons (Zhu et al., 2008) and in a ~14 cell clusters in the 

anterior medial region of each brain lobe (Figure 5A-A’’). These cells are marked 

with α-Dachshund, which marks the ~7 insulin producing cells (IPCs) and the ~5 

other neurons generated from the same neuroblast (Wang et al., 2007). In the 

ventral nerve cord, Actβ promoter-driven Gal4 is expressed in the motor neurons, 

marked with α-p-Mad (Figure 5D-D’’) (Marqués et al., 2002). α-DIMM marks 

neuroendocrine cells throughout the nervous system, including the brain lobes, 

ventral nerve cord and peripheral nervous system (Figure 5E-E’’)  (Park et al., 

2008). Actβ promoter-driven Gal4 expresses GFP in cell bodies of PTTH neurons 

(Figure B-B’’) and in boutons on the prothoracic gland (PG, Figure 4H-H’), both of 

which are marked with α-PTTH (Yamanaka et al., 2013b). In the ring gland, Actβ 

promoter-driven Gal4 is present in the corpus allatum (CA, Figure 4H-H’), which 

produces juvenile hormone (Riddiford et al., 2010), and the corpora cardiaca 

(CC) which expresses AKH (Figure 5C-C’’) (Lee and Park, 2004). Throughout the 

central brain and ventral nerve cord, Actβ promoter-driven Gal4 is also 
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expressed in various other unidentified cells (data not shown). Outside the 

nervous system, Actβ-Gal4 drives expression in the gut in enteroendocrine cells 

(Figure 5 F-F’’) (Song et al., 2017a). The expression of Actβ in many 

neuroendocrine cells is notable since these cells have numerous roles in 

regulating growth and developmental timing.  
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Figure 5: Actβ is expressed in distinct in neuronal cell types (previous 

page)  

Actβ-Gal4 drives expression in the Insulin Producing Cells in the central brain, 

marked with α-Dilp5 (A-A’’). α-PTTH marks Actβ-Gal4-driven GFP expression in 

neuronal cell bodies of the PTTH neurons (B-B’’). α-AKH-marked neurons are 

also Actβ-Gal4+ (C-C’’). Actβ-Gal4 drives expression in the motor neurons in the 

ventral nerve cord, marked with α-pMad (yellow arrows, D-D’’). α-DIMM marks 

Actβ-Gal4-driven GFP expression in ventral nerve cord (E-E’’). Actβ-Gal4-driven 

GFP is expressed in midgut enteroendocrine cells. DAPI in blue. (F-F’’). In an 

intact L1 larvae, Actβ-Gal4-driven GFP is expressed in distinct cell types in both 

the central and peripheral nervous systems (G). In the ring gland, Actβ-Gal4-

driven GFP is expressed in boutons on both the PG (thicker dotted line, white 

arrows) and the CA, (finer dotted line, yellow arrows, H-H’). PG= prothoracic 

gland, CA= corpus allatum.
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2.2.4: Actβ regulates body size and developmental timing independently  

To determine which Actβ-expressing cell types influence the size, timing 

and pupal lethality phenotypes, we attempted rescue experiments using different 

Gal4 drivers and a UAS Actβ transgene in an Actβed80 homozygous background.   

Actβed80 homozygous lines containing one copy of either the UAS or Gal4 

elements served as negative controls. As a positive control, we used Actβ-Gal4 

to drive expression in cells that endogenously express Actβ and found significant 

rescue of pupal volume (Figure 6A) and viability (Figure 6C) and a slight but not 

significant change in timing compared to controls. (Figure 6B). We also used a 

pan-neuronal driver, nrv2-Gal4, to drive expression in all neurons as an 

additional positive control. In this case we found rescue of adult viability (Figure 

6F) and body size (Figure 6D) but no significantly rescue of developmental timing 

(Figure 6E). 

 Next, we used more selective drivers to add back Actβ in specific subsets 

of cells that endogenously express Actβ. In neuroendocrine cells, Actβ 

overexpression rescued both viability (Figure 6L) and body size (Figure 6J) to 

wild-type levels but did not rescue the timing phenotype (Figure 6K). In the IPCs, 

expression of Actβ did not significantly rescue any of the phenotypes (Figure 6M-

O). Overexpression of Actβ from the motor neurons rescued viability (Figure 6I) 

but not timing (Figure 6H), and actually increased body size beyond wild-type 

levels (Figure 6G).  

The finding that expression in neuroendocrine cells is able to rescue body 

size suggests that Actβ can function as a systemic endocrine signal and need not 
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be directly delivered to a single target tissue to increase size. As a further test of 

this possibility, we examined if expression of Actβ from non-neuronal tissues was 

able to rescue various aspects of the null phenotype. The PPL driver is 

expressed in the fat body and gut, and overexpression of Actβ in a wild-type 

background by PPL-GAL4 causes a high degree of adult lethality (data not 

shown). Expression of Actβ using the PPL-Gal4 driver in Actβ mutants actually 

enhanced pupal volume beyond wild-type levels (Figure 6P), rescued the 

developmental timing phenotype (Figure 6Q), and slightly but significantly 

rescued viability (Figure 6R).  Similarly, using a skeletal muscle-specific driver 

(MHC-Gal4) also enhanced body size beyond wild-type levels (Figure 6S) but did 

not rescue timing (Figure 6T) or viability (Figure 6U). We also used the EE-Gal4 

driver that is expressed in enteroendocrine cells (Song et al., 2017a) but 

overexpression of Actβ by this driver killed both wild-type and Actβed80 mutant 

larvae precluding any evaluation of its rescuing ability. Taken together, these 

data demonstrate that Actβ can act systemically to affect body size, but the 

developmental timing and viability phenotypes are more sensitive and may 

require specific neuronal sources or levels for proper outcomes.  
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Figure 6. Expression of Actβ from specific cell types differentially rescues 

Actβ mutant phenotypes.  

Overexpression of UAS-Actβ in Actβed80 homozygotes by different Gal4 drivers 

had varying effects on pupal volume, pupariation timing half-point, and eclosion 

percentages. An ANOVA was used to determine statistical significances between 

genotypes with one copy of either Gal4 or UAS transgenes in an Actβed80 
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homozygous background compared to animals with both Gal4 and UAS 

transgenes in an Actβed80 homozygous background. w1118 is the wild-type control 

and was reared side-by-side in each case. MHC here is MHC-f-Gal4. M=mean, 

N=number, R=rep. 
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2.2.5: Actβ signals to the skeletal muscle to control body size 

While we found that endogenous Actβ was strongly expressed in the 

central nervous system, Actβ is also expressed in some enteroendocrine cells of 

the gut, (Song et al., 2017a and Figure 5F-F'') and the multidendritic and 

chordotonal neurons in the peripheral nervous system (Makhijani et al., 2017, 

Figure 5G). To determine if the primary source of Actβ that controls body size is 

from neurons, we drove a UAS-Actβ RNAi line using elav-Gal4 with UAS-dicer2. 

Compared to animals with one copy of elav-Gal4 and UAS-dicer2 or UAS-Actβ 

RNAi alone, pupal volume is significantly reduced in animals with all three 

transgenes (Figure 7A). We next sought to further map the source of Actβ in the 

control of size to a specific cell type. Motor neuron overexpression rescued the 

Actβ pupal size defects (Figure 6G), so we asked if the motor neuron cell 

population is a key source of Actβ in regulating pupal size. We found that 

knocking down Actβ using RNAi with OK6-Gal4 and UAS-dicer2 did not 

significantly reduce pupal size (Figure 7B).   

These results suggest the nervous system is the primary source of Actβ 

that controls body size but does not enable us to more precisely map specific sub 

sets of neurons. Given that both motor neuron and skeletal muscle 

overexpression of Actβ in Actβ mutants rescued body size we asked if canonical 

Actβ/dSmad2 signaling to the skeletal muscle could control body size.  

Knockdown of baboon or dSmad2 by RNAi in the skeletal muscle reduces pupal 

size (Figure 7C-D), phenocopying Actβ mutants. Levels of p-Smad2 in carcass 

tissues (containing skeletal muscle, cuticle and associated cells) is decreased in 
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Actβ mutants (Figure 7E). In an otherwise wild-type background, overexpressing 

Actβ from motor neurons also increases pupal size (data not shown). In carcass 

samples from animals overexpressing Actβ from motor neurons, p-Smad2 is 

increased (Figure 7E). Together, these data suggest that skeletal muscle is a key 

target tissue for the Actβ signal in the control of body size, and Actβ signals 

canonically through dSmad2 downstream of the Type I receptor baboon.  
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Figure 7. Actβ/TGF-β signaling in the skeletal muscle controls body size. 

Knockdown of Actβ using elav-Gal4 with UAS-dicer2 reduces pupal volume (A), 

while OK6-Gal4 with UAS-dicer2 does not alter pupal volume (B). Driving RNAi 

for baboon (C) or dSmad2 (D) using MHC-Gal4 with UAS-dicer2 reduces pupal 

volume.  Western blot of carcass samples (cuticle, skeletal muscle) show 

decreased levels of p-dSmad2 in Actβed80 homozygotes and increased levels in 

animals overexpressing Actβ from the motor neurons (E), which are increased in 

pupal volume (data not shown in a wild-type background, Figure 6G). M=mean, 

N=number.  
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2.2.6: Loss of Actβ blocks size-regulating function of the TOR/autophagy 

pathway in the skeletal muscle 

 Loss of IIS specifically in skeletal muscle during larval development 

reduces both the size of the skeletal muscle and the size of the pupae (Demontis 

and Perrimon, 2009). Because Actβ signals canonically to the skeletal muscle 

during the larval phase to regulate pupal size, we asked if Actβ interacted with 

the IIS/TOR pathway in skeletal muscle. First, we looked at the size of skeletal 

muscles in Actβ mutants. We measured the area of VL3 and VL4 skeletal 

muscles from developmental staged larvae (Demontis and Perrimon, 2009). The 

area of both muscles was significantly reduced in Actβed80 mutants (Figure 8A,D). 

Nuclei area scaled down with muscle area, but nuclei number did not change 

(Figure 8 B-C). Next, we looked at activated S6K, a kinase downstream of IIS 

and TOR pathways (Lizcano et al., 2003; Miron et al., 2003). Levels of phospho-

S6K (p-S6K) in carcass tissues change in the same direction as levels of Actβ 

expression relative to loading controls: possibly reduced in Actβed80 mutants and 

increased in animals overexpressing Actβ from motor neurons (Figure 8E). 

Taken together, these results indicate Actβ may regulate skeletal muscle size via 

IIS/TOR signaling to influence overall pupal size. 
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Figure 8. Actβ regulates skeletal muscle size (previous page) 

Size of VL4 and VL4 muscles are significantly reduced in Actβed80 mutants (A,D). 

Red is phalloidin, blue is DAPI. Apparent lower levels of DAPI are likely due to 

the position of the confocal slice, not necessarily a reflection of less DNA copy 

per nuclei (Demontis and Perrimon, 2009). Nuclei number per fiber is not 

changed (B). Nuclei area is significantly reduced (C). Western blot of carcass 

samples (cuticle, skeletal muscle) show decreased levels of p-dS6K in Actβed80 

homozygotes and increased levels in animals overexpressing Actβ from the 

motor neurons (E), which are increased in pupal volume (data not shown in a 

wild-type background, Figure 6G) M=mean, R=rep. 
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The autophagy pathway is a downstream effector of IIS/TOR signaling 

and regulates cell size (Scott et al., 2007). Autophagy maintains cellular 

homeostasis and responds to stress and nutrient restriction by turning over 

cellular contents (Reviewed in Lőrincz et al., 2017). To do this, cytosol and 

organelles are surrounded initially by a membrane-bound autophagosome, a 

process initiated and regulated by Atg proteins (Mizushima et al., 2011; Scott et 

al., 2007). The autophagosomes fuse with lysosomes for eventual content 

degradation. RFP and mCherry-tagged markers are of particular use in assaying 

the autophagosome and lysosome as the fluorophore survives the acidic pH 

inside of the vesicle (Lőrincz et al., 2017). Atg8a-RFP marks early and mid-

autophagosomes and is covalently bound to the outside of autophagosome 

during its development (Slobodkin and Elazar, 2013). We examined levels of 

Atg8a-RFP in skeletal muscle of Actβed80 mutants. We found increased number 

of RFP+ puncta in Actβ mutant muscle (Figure 9A-A’). This increase in puncta 

could reflect either a block in turnover of autophagic vesicles or a higher rate of 

autophagic induction. To distinguish between these possibilities, we increased 

autophagy by overexpressing Atg1, a kinase which activates the autophagy 

pathway even in the presence of nutrients and suppresses growth (Scott et al., 

2007). We found that overexpression of Atg1 from the skeletal muscle 

significantly reduced pupal volume (Figure 9B), indicating that reduced body size 

can result from increased skeletal muscle autophagy. Together, these data 

indicate Actβ may influence skeletal muscle and overall body size, in part, 

through regulation of IIS /TOR signaling by increased autophagic flux. 
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Figure 9. Actβ regulates autophagy to affect body size 

Atg8a-RFP+ vesicles are increased in the skeletal muscle of fed Actβed80 mutants 

(A-A’). Overexpression of Atg1 using a skeletal muscle-specific driver 

significantly reduces pupal volume (B). M=mean, N=number.  
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 To further test if activation of autophagy via disruption of IIS/TOR signaling 

is responsible for the skeletal muscle size reduction in Actβ mutants, we 

attempted to rescue the size defects by activating the TOR pathway through 

overexpression of Akt1, Pdk1 or Rheb or blocking autophagy via expression of 

Atg1 RNAi in muscles. Akt1 positively controls growth cell-autonomously 

downstream of InR (Slade and Staveley, 2015; Verdu et al., 1999). Pdk1 is 

upstream of both Akt1 and S6K and regulates cell size and body size (Rintelen et 

al., 2001). Rheb is a positive regulator of animal growth and is upstream of TOR 

(Saucedo et al., 2003). We found that neither expression of Akt1, Pdk1, or Rheb 

nor knockdown of Atg1 in the skeletal muscle of Actβed80 mutants rescued pupal 

volume or viability beyond controls (Figure 10A-D). These data indicate that while 

Actβ appears to regulate IIS/TOR signaling in muscle muscle, this regulation 

alone is perhaps necessary but not sufficient to achieve proper body size control 

during larval/pupal development.  
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Figure 10. IIS/TOR pathway expression does not rescue body size in Actβ 

mutants (previous page) 

Expression of UAS-Akt1 (A), UAS-Pdk1 (B), UAS-Rheb (C), or UAS-ATG1-RNAi 

(D) do not rescue Actβed80 homozygous mutants in pupal length (left column), 

pupal width (middle column) or pupal volume (right column). MHC here is MHC-f-

Gal4. M=mean, N=number. 

 

2.3: Discussion 

 In this study, we examined whole animal Actβ mutant phenotypes to 

identify potential new roles of the Activin branch of TGF-β superfamily in 

regulation of Drosophila development. We show Actβ positively regulates both 

pupal size and pupariation timing, but surprisingly, these processes are regulated 

by independent sources of ligand. Actβ modulates the size of the skeletal muscle 

through a canonical pathway involving dSmad2 to influence overall body size but 

has a much lesser effect on regulation of appendage size. This leads to 

development of an animal with altered allometry suggesting that TGF-β signaling 

is an important signaling mechanism for coordinating proper scaling of organ 

growth during Drosophila development.     

2.3.1: Actβ regulates size and timing through independent mechanisms 

 We found loss of Actβ reduced pupal volume compared to wild-type 

controls. Using available alleles, we found Actβed80 homozygotes and Actβed80/ 

BG01941 trans-heterozygotes were 21 and 30% smaller than controls, respectively. 

CRISPR/Cas9-generated trans-heterozygous mutants, Actβed80/4E, Actβ10E/ed80, 
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Actβ10E/4E, reduced pupal volume 21, 22, and 26%, respectively. We found 

consistent results for developmental timing phenotypes among the different 

alleles. Actβed80 homozygotes, Actβed80 heterozygotes, and Actβ BG01941 

heterozygotes were 4.2, 3.4, and 5.1 hours precocious relative to a wild-type 

control, respectively. Actβed80/4E, Actβ10E/ed80, and Actβ10E/4E advanced pupariation 

10.3, 10.3, and 9.9 hours, respectively. The use of multiple alleles in trans-

heterozygous combinations across independent chromosomal backgrounds 

demonstrates these phenotypes are due to the loss of Actβ function and not a 

result of extraneous mutations in other genes on the fourth chromosome. 

 In Drosophila, body size and developmental timing are normally intricately 

connected. When growth is slowed during the larval period before the 

achievement of critical weight, pupariation is delayed (Mirth and Shingleton, 

2012). Mutants lacking InR are delayed to eclosion by 10 days, and IPC-ablated 

animals are delayed to pupariation 7 days (Brogiolo et al., 2001; Rulifson et al., 

2002). Similarly, when the timing machinery is broken and metamorphosis 

cannot proceed or is delayed, larva or pupae/adults are larger as growth 

continues due to an elongation of the feeding/larval stage. Ablation of PTTH 

neurons delays pupariation by 5 days and increases adult size 40-50% by 

lengthening the duration of the larval instars (McBrayer et al., 2007). The impact 

of altered developmental timing on body size may be due to tissue-specific action 

by the IIS pathway; InR activity in the PG positively regulates ecdysone 

biosynthetic enzyme transcript levels (Gibbens et al., 2011). Conversely, basal 

levels of ecdysone signaling, which is regulated by PTTH, also regulate body and 



 62 

organ size via peripheral insulin signaling without affecting developmental timing 

(Colombani et al., 2005). The Hippo pathway, a conserved organ size regulation 

pathway, mediates the regulation of organ and body size by ecdysone signaling 

from the PG (Moeller et al., 2017). Warts acts downstream of InR to negatively 

regulate Ecdysone, which in turn positively regulates disc growth and negatively 

regulates systemic growth (Moeller et al., 2017). Mutants lacking DHR4 orphan 

nuclear receptor are small and precocious, a result of the DHR4 function in 

regulating ecdysone pulses downstream of PTTH (King-Jones et al., 2005; Ou et 

al., 2011). This combination of phenotypes in DHR4-/- mutants is similar to Actβ-/- 

mutants but occurs due to a premature cessation of feeding and initiation of 

wandering alongside morphological defects, all of which do not occur in Actβ 

mutants, which form normal prepupae and pharate adults and do not wander 

from the food (data not shown). 

  Based on the pupal size and pupariation timing phenotypes, the simplest 

explanation for the unique combination of Actβ mutant phenotypes is an early 

termination of growth due to precocious pupariation which would result in 

reduced pupal size. Alternatively, Actβ may regulate both the size and timing 

processes, slowing the growth rate and advancing pupariation dependently. The 

second explanation is less likely due to the phenomenon of critical weight in 

insects. Critical weight is defined as the weight at which starvation no longer 

delays metamorphosis (Mirth and Shingleton, 2012). Considering this, if Actβ 

reduced the growth rate substantially pre-critical weight, and timing would be 

delayed until the checkpoint occurred, potentially negating the advancement of 
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developmental timing; the animals would be small and delayed or on time. If Actβ 

reduced the growth rate after critical weight, the timing of pupariation would be 

advanced. However, we found the growth rate to be reduced throughout the third 

larval instar (Figure 2 A-B).  

 A final possibility is that regulation of growth/size and developmental 

timing are independent, with the regulation of growth occurring in tissues not 

impacting developmental timing. Surprisingly, our data support this hypothesis. 

The growth rate is reduced, demonstrating animals are small due not entirely to 

early growth termination (Figure 2 A-B). An additional developmental transition, 

the L2-L3 larval molt (Figure 2C-D), is also precocious, indicating Actβ regulates 

multiple developmental transitions and likely does not simply alter the timing of 

pupariation in response to an altered growth rate. Actβ rescued size 

independently of timing (Figure 6 P-Q), even increasing size beyond wild-type 

levels without impacting timing (Figure 6 A-B, G-H, S-T). The developmental 

timing phenotype was not uncoupled from any size phenotype in our rescue or 

gain-of-function experiments (Figure 6 P-Q, 4 A-C), both of which showed a 

reversal/delay of pupariation. The gain-of-function experiment (Figure 4 A-C) 

delayed timing by 12 hours while the rescue experiment demonstrated a 1.5 hour 

rescue of the timing phenotype (Figure 4B). This may be due to differential 

temporal expression of the Gal4 lines used between each assay. Future studies 

will be needed to tease apart the cell-specificity of Actβ in controlling 

developmental timing and how/if it impacts body and/or organ size as a result 

independent of the main role of Actβ in modulating pupal size. 
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2.3.2: Ecological and evolutionary significance of change in developmental 

time 

 We found Actβed80 mutants pupariate precociously between 4.2 and 3.4 

hours for heterozygotes and homozygotes at 25 °C (Figure 1C). At 18 °C, 

Actβed80 homozygotes pupariated 12 hours earlier than wild-type (Figure 2E). So 

although the difference in developmental timing brought about by Actβ is fairly 

small under standard lab conditions (25 °C) relative to other treatments 

(McBrayer et al., 2007), wild Drosophila will experience a range of temperatures 

in a given larval phase in a single cline. A pupariation advance of up to 12 hours 

could give an animal a marked survival advantage if triggered by environmental 

conditions, e.g. food, population, temperature, predation. Additionally, individuals 

in a population may be at a greater reproductive gain by maturing faster than 

their peers, a potential evolutionary advantage.  

2.3.3: Loss of Actβ disrupts organ scaling 

Adult organ size was significantly reduced in mechanically-rescued Actβed80 

mutants. While statistically significant, the reduction in size was only ~3% for 

wing, leg, and intra-ocular distance, which is a very slight change relative to the 

21% reduction in pupal volume, 39% reduction in adult male mass and 24% 

reduction in adult female mass (Figure 3). This is different from other mutations 

with changes in body size. For example, mutants in the IIS pathway, a central 

regulator of growth, also have coordinated reductions in both overall body and 

organ size. Animals with a deletion of dilps1-5 are reduced in adult mass and 

pupal volume over 50% with a reduction in wing area of 27% (Zhang et al., 2009) 
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creating an organ size change to body size change ratio of 0.49. Pdk1 mutant 

male adult flies are ~20% smaller with ~15% smaller wings and ~27% smaller 

intra-ocular distance (Rintelen et al., 2001), for size change ratios of 0.75 and 

1.39, respectively. Similarly, loss of S6K reduced female adult mass 46% and 

wing area ~35%, a change ratio of 0.753 (Montagne, 1999). In contrast, the size 

change ratio in Actβed80 for intra-ocular distance, wing area, and leg length to 

female mass (0.13, 0.12, 0.09), to male mass (0.077, 0.071, 0.056), and to pupal 

volume (0.14, 0.13, 0.10), all respectively, are below 0.2 (Figure 3B-D). This 

indicates that organ size in Actβ mutants is not coordinately reduced as it is when 

systemic insulin signaling is systemically perturbed. The disruption in the scaling 

of wing, leg, and inter-ocular size from body size is a departure from typical 

morphometric allometry. The scaling of these traits are isometric with body size 

and levels of IIS and nutrition in Drosophila (Mirth et al., 2016). Disruption of the 

scaling of appendage size with body size in Actβ mutants indicates Actβ/TGF-β 

functions in the process of allometry. Whether this occurs through additional 

alterations in size-sensing tissues or inter-organ feedback (Stern and Emlen, 

1999) is unclear. 

 The observed reduction in organ size relative to wild-type could be an 

artifact of Actβ’s position on the fourth chromosome. With a lack of functional 

recombination on chromosome 4 (Hartmann and Sekelsky, 2017), it is impossible 

to remove background mutations and ensure the Actβ mutation is isogenic with 

the control stock. More likely, the precocious timing phenotype may have a small 

impact on body size independent of the role of Actβ in regulating the bulk of 
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pupal volume. Early termination of growth may stunt organ growth during the 

hours of the larval growth phase. Due to the expansive expression pattern of 

Actβ (Figure 5) and the high sensitivity of the muscle to expressed ligand in 

controlling size (Figure 6), Gal4 drivers with strong expression but very limited 

expression patterns in cell types relevant to developmental timing (Figure 5 A-A’’, 

B-B’’, H-H’) will be needed to answer these questions. Alternatively, Actβ may 

play a role in regulating insulin production/secretion from the IPCs to regulate 

organ size but not body size. Dilp2-Gal4 driving UAS-Actβ did not rescue pupal 

size in Actβ mutants, but perhaps this role of Actβ is exclusive to regulating organ 

size via IIS.   

A final possibility is that the flies that were capable of being rescued were 

themselves larger and therefore healthier. This is unlikely for several reasons. 

The first is we would expect to see a skew in the adult mass data for either males 

or females towards larger flies, but that is not the case (data not shown). 

Additionally, all sets of organ size measurements passed the Bartlett test for 

homogeneity as an assumption of equal variance, demonstrating the Actβ 

escaper population has a similar variation in all measurements. Similarly, viability 

is rescued independent from pupal volume and developmental timing (Figure 6 

G,I & S,U). Finally, escapers have a very distinct phenotype: a slow walk, 

difficulty climbing, and immobile wings. These resemble a motor defect (Enriquez 

et al., 2015; Gowda et al., 2018), not a critical loss of energy that would impact 

viability. Along those lines, adult def[dilps-2-5] were 50% smaller than controls 

with only a 41% adult viability (Zhang et al., 2009) compared to Actβ’s 40% 
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reduction in size and 2% viability (Figure 1 A,F), indicating pupae smaller than 

Actβ can eclose to adults at a higher rate. Thus, it is most likely the organ size of 

Actβ mutants is due not to the viability defect, but a genetic effect on appendage 

size. 

  
2.3.4: Activin signals from the nervous system to the muscle to regulate 

body size  

 Actβ-Gal4 is expressed in motor neurons (Figure D-D’’) and 

neuroendocrine cells (Figure E-E’’) and overexpression of Actβ from motor 

neurons, skeletal muscle, neuroendocrine cells or a combination of tissues (PPL-

Gal4, skeletal muscle, fat body and neurons) rescues the small body size 

phenotype, increasing size beyond wild-type levels (Figure 6 G, S, P, D). In the 

case of the motor neuron, neuroendocrine and skeletal muscle overexpression 

rescues, it does this without altering developmental timing (Figure 6 H, K, T). 

Knockdown of Actβ by RNAi in neurons reduces pupal size, demonstrating the 

source of Actβ that regulates body size is neuronally derived, however, motor 

neuron-driven RNAi of Actβ does not alter pupal size. This indicates the 

endogenous source of Actβ that regulates size is not the motor neurons and 

most likely is a different neuronal cell type. Loss of Actβ reduces pupal volume by 

21% (Figure 1A) and the area of the VL3 and VL4 skeletal muscles 40% and 

33%, respectively (Figure 8 A, D). Although muscle size in Actβ mutants is 

substantially reduced, adult organ size is only reduced ~2-3%, indicating the 

change in muscle size may account for the bulk of the reduction in size. In 
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humans, skeletal muscle accounts for ~42% (male) and ~32% (female) of body 

mass (ref Kim 2002). Modulation of InR levels in skeletal muscle using Mef2-

GAL4 affects muscle size; increased InR increases muscle size and decreased 

InR decreases muscle size.  Concomitantly, Demontis et al. found adult organ 

size (wing area and eye area) to change in direction with muscle area and InR 

levels, however, Mef2-Gal4 is not exclusively expressed in the skeletal muscle 

and drives expression in the IPCs (data not shown). Cell-autonomous IIS in the 

IPCs regulates systemic IIS (Broughton et al., 2008), which has the potential to 

affect the growth of other organ systems and may be a factor contributing to the 

altered adult organ size in Mef2>InR or Mef2>InR RNAi animals.  

2.3.5: Actβ regulates autophagy to control muscle and body size 

 Cellular homeostasis is maintained by breakdown and synthesis of cellular 

components. In eukaryotes, autophagosomes, double-membrane bound 

vesicles, engulf various types of cytoplasmic contents. The membrane of the 

autophagosome fuses with that of the lysosome and the contents are degraded, 

the macromolecules of which are fed back into cell pathways during starvation. 

The autophagy pathway is regulated by Atg1, a conserved serine/threonine 

kinase, that is sufficient to induce autophagy and inhibit growth cell-

autonomously in the fat body (Scott et al., 2007). Rheb/TOR signaling and 

downstream autophagy function in Drosophila pupal skeletal muscle during 

remodeling for both atrophy and hypertrophy in regulating cell size (Kuleesha et 

al., 2016). We found autophagy marker Atg8a was upregulated in the muscle in 

the absence of Actβ, indicating an increase in autophagy. We then demonstrated 
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the ability of the autophagy pathway to modulate body size by overexpressing 

Atg1 in muscle. Gain of Atg1 in skeletal muscle decreases pupal size, 

phenocopying Actβ mutants. This indicates increased autophagy suppresses 

body growth, likely by repressing muscle growth.  

 

2.3.6: Actβ interacts with the TOR pathway 

 IIS is the major regulator of organismal growth and acts cell-autonomously 

through a suite of downstream factors that regulate transcription (Jünger et al., 

2003), translation (Miron et al., 2003), ribosome biogenesis (Ghosh et al., 2014). 

In Drosophila, modulation of IIS in skeletal muscle regulates muscle size, pupal 

volume, and adult body and organ size in proportion to the direction of IIS 

signaling (Demontis and Perrimon, 2009). Overexpression of InR in the skeletal 

muscle increase muscle size, nuclear area, but not nuclear number, similar to 

Actβ mutants (Demontis and Perrimon, 2009). Surprisingly, expression of 

IIS/TOR components Akt1, Pdk1, and Rheb failed to rescue pupal size in activin 

mutants. That pupal size regulation of the IIS/TOR axis is blocked in activin 

mutants indicates Actβ/dSmad2 interacts critically at some point in the IIS/TOR 

pathway.   

 This raises a few possibilities for how IIS/TOR and Actβ pathways might 

be interacting. The simplest is that Actβ signaling acts downstream of IIS/TOR as 

the mediator of muscle growth. This is unlikely due to the extensive role of the 

IIS/TOR core pathway and its effectors, like S6K and FOXO in regulating cell 

size cell-autonomously in other contexts. More likely, Actβ signaling interacts with 
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IIS/TOR pathway components downstream of those tested (Akt1, Pdk1, Rheb), 

perhaps TOR itself, to affect muscle size, and IIS/TOR regulation of muscle size 

is dependent on Actβ signaling. Activation of autophagy feeds back on the 

IIS/TOR pathway, a potential mechanism by which autophagy is upregulated but 

IIS/TOR is ineffective in Actβ mutants. Activation of Atg1 directly suppresses 

phosphorylation of S6K (Lee et al., 2007). If dSmad2 regulates TOR or ATG1 

directly, they may directly inhibit S6K, which would explain why p-S6K is 

regulated directionally with respect to activin signaling in the muscle/cuticle. Atg1 

also negatively feedbacks on TOR, inhibiting its activity (Scott et al., 2007). 

Finally, it is possible that Actβ/dSmad2 signaling acts on the Atg1-S6K axis to 

regulate growth via the roles of S6K, but how this would happen without also 

activating autophagy is not clear. 

2.3.7: The TGF-Beta pathway in regulating autophagy and muscle size  

 A major role for autophagy in the Drosophila larval skeletal muscle is the 

catabolism of glycogen for energy (glycophagy). The skeletal muscle in 

Drosophila, like in mammals, is the largest source of glycogen (Ruaud et al., 

2011). The production of glycogen requires DHR38, which is downregulated in 

response to an only-protein diet and regulates transcriptional levels of glycogen 

anabolism genes (Ruaud 2011). Two pathways in the larval muscle can break 

down glycogen: the conventional glycogenolysis and the autophagy pathway, 

which act in parallel (Zirin et al., 2015). Whether Actβ /dSmad2 regulates 

glycophagy in the control of muscle size is uncertain. In Actβ genotypes, high 

autophagy is correlated with smaller muscles; if this was glycophagy, this would 
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mean more energy released for smaller muscles. This seems unlikely for several 

reasons. Actβ signals dose-dependently, so larger animals likely have larger 

muscles and would have less autophagy and therefore less glucose. Additionally, 

autophagy regulates glycogen breakdown under starvation and is downstream of 

the TOR pathway (Zirin et al., 2013). Actβ mutant pupal size is not rescued by 

activators of the TOR pathway (Figure 10) and may regulate autophagy through 

a TOR-independent mechanism or interact with the pathway critically 

downstream of TOR. Autophagy also turns over a number of other substrates 

including mitochondria, ribosomes, peroxisomes and ER. A genome-wide screen 

in human cell culture under normal nutrient conditions for regulators of autophagy 

identified only 5-6% hits as TOR-dependent and 15% of all hits were classified as 

cell surface receptor mediated signal transduction genes, demonstrating many 

signaling pathways may work outside of TOR to affect autophagy in different 

contexts (Lipinski et al., 2010). Future experiments will be needed to determine 

the content of Actβ/dSmad2-dependent autophagosomes to shed light on how 

TOR-independent autophagy contributes so robustly to muscle growth and body 

size.  

 The Actβ/TGF-β pathways play roles in regulating autophagy in other 

contexts. TGF-β1, another ligand, and Smad3 regulate autophagy via pRb/E2F1-

dependent transcription of Atg (autophagy pathway) genes in hepatocarcinoma 

cell lines (Korah et al., 2015). Under serum starvation, TGF-β1 induces 

autophagy to promote cell survival via TAK and PI3K/AKT-dependent pathways 

in glomerular mesangial cells (Ding et al., 2010). In cultured human tubular renal 
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epithelial cells, TGF-β1 induces autophagy dose-dependently via ROS (Xu et al., 

2012). In an oxygen-glucose deprivation model of cerebral ischemia, ActivinA is 

upregulated and inhibits autophagy via JNK/p38 (Xue et al., 2016). Thus, while 

the mechanisms of regulation are diverse, the TGF-β pathway regulates 

autophagy in a number of diverse contexts, suggesting a possible conserved role 

in is regulation.  

 The Activin/TGF-β pathway ligand Myostatin is a famous regulator of 

muscle size. Loss of Myostatin increases muscle size in a number of mammals, 

including mice, cattle and humans, through an increase in cell number and cell 

size. Mechanistically, Myostatin functions at multiple points in mammalian muscle 

development: myoblast differentiation (Trendelenburg et al., 2009), satellite cell 

activation and self-renewal (McCroskery et al., 2003), and fiber growth via AKT 

(Morissette et al., 2006). In murine skeletal muscle cell culture, Myostatin has 

also been shown to cause an increase in autophagic vesicles and autophagy 

pathway genes (Lee, 2011). Due to Myostatin’s roles in regulating muscle size, 

Myostatin inhibitors have been found to be successful targets in the mouse mdx 

model of Duchenne muscular dystrophy in reversing muscle wasting, increasing 

muscle mass and muscle/body weight index (Bogdanovich et al., 2002). A suite 

of Myostatin-blocking molecules have been developed as potential therapeutics 

for muscle wasting disorders (Bradley et al., 2008). Other Activin-type ligands 

also function in regulating autophagy in muscle. Expression of ActA in a tumor-

free mouse system induced severe atrophy along with an increase in expression 

of LC3AI, indicating upregulation of autophagy (Chen et al., 2016). In four mouse 
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cancer models, colon-26 (C26) tumor implanted, α-InhibinA knockout, melanoma 

(G361), and ovarian tumor (TOR-21G), soluble-ActRIIB reversed cancer-related 

muscle wasting and improved survival for two models, possibly via proteasome 

degradation of protein (Zhou et al., 2010). In a Inhibin-α knockout mouse model 

of Sertoli and granulosa cell tumors, ActA signals to skeletal muscle, activating 

autophagy-lysosome and ubiquitin-proteasome degradation and cachexic muscle 

wasting, which is reversed upon overexpression of ActC, which also increased 

survival (Marino et al., 2015). The role of the TGF-β in regulating autophagy are 

diverse as are the contexts in which Activin/TGF-β is acting. Interestingly, these 

roles are both inductive and repressive with respect to autophagy, reflecting the 

many known roles of the larger TGF-β family in regulating and repressing growth 

in different developmental and disease contexts (Moses et al., 2016). Thus, the 

Activin/TGF-beta pathway may play a conserved role in regulating autophagy in 

the skeletal muscle and other contexts and further investigation into these 

mechanisms will provide insight into how TOR-independent autophagy controls 

skeletal muscle growth and body size. 

 

2.4: Materials and Methods 

2.4.1: Rearing Conditions 

Larvae were grown for assays in 5% yeast (wt/vol) (Lesaffre saf-instant yeast), 

5% sucrose food (wt/vol), at 25°C, after hatching on apple juice plates with yeast 
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paste. When animals were transferred to vials, the number of larvae per vial was 

controlled and was either 30 or 40 per vial. 

2.4.2: Pupal Size Assay 

Pupal length was measured from the anterior tip in between spiracles to the base 

of the posterior spiracles. Pupal width was measured at the mid-length of the 

pupae. Pupal volume was calculated assuming a prolate spheroid geometry 

(Demontis and Perrimon, 2009).  

2.4.3: Pupariating Timing Assay 

Animals were staged using a three-hour egg lay. The number of puparia formed 

are counted every 3-6 hours, using eversion of anterior spiracles as 

morphological markers.  The time it takes half the animals to pupate (half-point) 

was calculated using the formula of the line derived from timepoints before and 

after 50% pupariation excluding replicates in which these timepoints were 0 or 

100. 

2.4.4: Fly Lines 

The Actβed80 allele is an EMS-induced substitution and presumed to be a 

premature stop (Zhu et al., 2008). The chromosome carrying the Actβed80 allele 

(chr 4) also contains a variegating w+ transgene (P{hsp26-pt-T}39C-12, 

FlyBaseID= FBti0016154) inserted between Hcf and PMCA (John Locke, 

personal communication). This w+ causes red speckles with dominant inheritance 

in an otherwise white background. The ActβBG01941 allele is an imprecise P-

element mediated excision, resulting in the loss of neighboring genes.  
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Table 1. Gal4/UAS Fly lines described in this thesis. 

Fly Line Chr 

No. 

Source, Expression 

Actβ-Gal4 2 O’Connor Lab: Drives expression with the 

endogenous Actβ promoter 

Actβ-Gal4 3 O’Connor Lab: Drives expression with the 

endogenous Actβ promoter 

C929-Gal4 2 Bloomington Stock Center, (Park et al., 2008), 

marks a subset of neurosecretory cells 

dilp2-Gal4 2 Bloomington Stock Center, (Rulifson et al., 

2002), drives expression in the Insulin 

Producing Cells 

Elav-Gal4 2 Bloomington Stock Center, drives expression 

in the nervous system 

Mef2-Gal4 3 Bloomington Stock Center,  (Demontis and 

Perrimon, 2009), drives expression in all 

muscle types and some neurons 
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MHC-Gal4 3 Bloomington Stock Center, (Demontis and 

Perrimon, 2009), expresses exclusively in the 

skeletal muscle 

MHC-f-Gal4 3 Perrimon Lab, drives expression exclusively in 

the skeletal muscle, expressed late in L2-L3 

Nrv2-Gal4 2 Bloomington Stock Center, (Sun et al., 1999), 

drives expression in exclusively in the nervous 

system 

OK371-Gal4 2 Bloomington Stock Center, (Mahr and Aberle, 

2006), drives expression under the control of 

the vglut promoter in motor neurons and 

glutaminergic neurons 

OK6-Gal4 2  

PPL-Gal4 2 Bloomington Stock Center, (Colombani et al., 

2003), Expresses in skeletal muscle, fat body 

and some neurons 

UAS-Actβ RNAi  Bloomington Stock Center, 

RRID:BDSC_29597 

UAS-Actβ-3B2 

(UAS-Actβ) 

2 O’Connor Lab: Generates transcripts of 

Drosophila Actβ 

UAS-Atg8a-RFP 2 Bloomington Stock Center, 

RRID:BDSC_37750, 
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RFP fused to Atg8a    

UAS-babo RNAi   

UAS-dicer2 2 Bloomington Stock Center, increases 

efficiency of RNAi 

UAS-dSmad2 RNAi   

 

2.4.5: CRISPR/Cas9 allele generation 

Actβ4E and Actβ10E were generated using the CRISPR/Cas9 system. Two targets 

were cloned into BbsI site of pU6-BbsI-chiRNA plasmid from Addgene and 

injected by Best Gene into w[1118]; PBac{y[+mDint2]=vas-Cas9}VK00027 on 

chromosome 3 (Bloomington Stock Center, FlyBase ID: FBti0154822) 

(Wakiyama et al., 2005). G0 transgenic male flies were backcrossed to balancers 

(CiD/unc13-GFP). G0 animals were mated to w1118;;;unc-13-GFP.CiD animals to 

establish 10 lines from each G0. DNA from G0 males was used for PCR to identify 

SNPs and indels in the mosaic genomic background. Final balanced potentially 

mutant chromosomes were fully sequenced at the Actβ locus.  

 

PCR amplified region of interest using the following primers (numbering relative 

to Flybase message start) from random lines derived from each G0: 

 
  473                   495 
  |                     | 
5-CTGCTGCAACAGCCTTGGCTCCC-3 Long amp for 
 
  3070                  3048                   
  |                     | 
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5-GGGGCGCAACACGGTCGCATTCC-3 Log Amp rev 
 
 
 
 
 

 

Guide Sequences used:  

Numbering is relative to Flybase release 6 genomic sequence for Actβ following 

4th chromosome numbering. Start to finish of Actβ genomic region on 

4:1077331..1084796.   

 
Guide 1 (located in first exon):  
 

      496                515  
      |                  | 
5-CTTCGGGTTGTGGAAATGACTTCC-3 
    3-CCCAACACCTTTACTGAAGGCAAA-5 
 
Guide 2:  
 

      2956               2975 

      |                  | 
5-CTTCGCGATTGCACGGGCTCTTTT-3 
    3-CGCTAACGTGCCCGAGAAAACAAA-5 
 
 
 
Line 4E: Deletes from first exon into the third intron (removes exons 2 and 3).  

The red bases are different from genomic sequence inferred to be derived during 

double stand break repair. 

        1079140  1083074 
              |  | 
GTTGCTGCTTTAACTGTTTTTTTTAATGT 
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Line 10E: Deletion starts upstream of 1077355 and ends upstream of 1078707  
 
5-TGAAACTTCGCATCGGGGAA-3 8 For  
 
5-ATTTGTGTGCCGTTGATGCC-3 8 Rev 

2.4.6: Statistics 

For rescue experiments with two controls and one test cross, the test cross must 

be significantly different in the same direction (i.e. larger) to be considered a 

significant result. Where the test cross was reported to be x units different than 

the controls, the different was in reference to the control with smaller variation.   

2.4.6.1: Error Bars  

Error bars represent standard error of the mean. 

2.4.6.2: Statistics abbreviations 

ns= not significant, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 

2.4.6.3: T-test 

A single test variable was compared to a single control using a Welch Two 

Sample t-test in R using the following code:  

t.test(y~x) 

2.4.6.4: ANOVA 

Test variables were compared to controls using an ANOVA followed by Tukey’s 

using the following code in R:    

#input to function is output from TukeyHSD, default comparison is first 
TukOut<-function(x,comp=1){ 
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   lists<-x[[comp]] 
dd<-as.vector(matrix(unlist(lists), nrow=length(unlist(lists[1])))) #extract all 
numbers in a vector 

   dn<-unlist(attr(lists, "dimnames")) #extract all dimension names 
   #homemade output dataframe for statistics 
   #can work with any length of comparisons 
   diff<- dd[1:(length(dd)/4)] #1:28  
   lwr<-dd[(length(dd)/4 +1) : (length(dd)/4 *2)] 
   upr<-dd[(length(dd)/4 *2 +1) : (length(dd)/4 *3)] 
   padj<-dd[(length(dd)/4 *3 +1) : (length(dd)/4 *4)] 
   comparision<-dn[1:(length(dn)-4)] #pairwise comparisons length(dn)-4 
   Tukey<-cbind(comparision,diff,lwr,upr,padj) 
   result<-as.data.frame(Tukey) 
   return(result) 
} 
 
 
#function to run ANOVA and Tukey’s 
statFun<-function(x){ 

stats<-TukeyHSD(aov(x$value~x$geno)) 
result<-TukOut(stats) 
result<-result[c("comparision","padj","diff","lwr","upr")] 
return(result) 

} 
 
 

2.4.6.5: Bartlett test for equal variances 

Test variables were compared in using the following code: 

bartlett.test(data$value~data$geno) 

2.4.7: Immunohistochemistry 

Wandering third-instar larvae were rinsed, dissected, fixed in 3.7% formaldehyde 

in PBS for 25 minutes, and then washed three times in 0.1% PBS-Triton. Next, 

samples were treated with primary antibody overnight at 4°C followed by 

secondary antibodies for 2 hours at 25°C. Phalloidin is Rhodamine-phalloidin 
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(Molecular Probes R415). The α-Dach antibody is from Developmental Studies 

Hybridoma Bank (mAbdac2-3, mouse), and is used at 1:50, with 1:100 568 Alexa 

goat α-mouse secondary antibody (Mardon et al., 1994). α-PTTH (guinea pig) is 

from P. Leopold (Shimell et al., 2018). α-p-Mad is used at 1/1000 (McCabe et al., 

2003). α-DIMM is from P. Taggert and used at 1:750 in 0.1% triton, 5% normal 

goat serum, 1% BSA with Bouin’s fixative (Park et al., 2008). 

2.4.8: Western Blot 

The α-pSmad2 is from Cell Signaling Technologies (138D4, rabbit, 1:1K). The α-

pS6k is from Cell Signaling Technologies (9209). α-tubulin is from Sigma (X, 

mouse, 1:10,000). Bands were visualized using ECL Pierce ECL Western 

Blotting Substrate #32209. 

2.4.9: Microscopy 

Confocal images were generated using a Zeiss Axiovert microscope with a 

CARV attachment or a Zeiss LSM710. Pupae were imaged live with light 

microscopy using a 1.0X objective and measured using ImageJ software. Adult 

wings were mounted in 1:1 Canada balsam:wintergreen oil and imaged using a 

4X objective and light microscopy and measuring using ImageJ software. 
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Chapter 3 

 

Actβ regulates the insulin pathway and metabolism 
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3.1: Introduction 

 Drosophila undergo a 200-fold increase in mass during the larval phase. 

This growth is driven by aerobic glycolysis, which generates energy and 

biomass, to carry the precursors of adult organs through the larval stage and to 

allow animals to undergo a non-feeding metamorphosis stage (Tennessen et al., 

2011). Glycolysis is also critical in the skeletal muscle for energy production from 

glucose. In zebrafish, glycolytic enzymes function in skeletal muscle cell fusion 

and fiber growth, as does blocking IIS, indicating IIS plays a role in regulating 

glycolysis in skeletal muscle (Tixier et al., 2013). 

 Insulin signaling in Drosophila is primarily regulated by levels of the 

Drosophila insulin/insulin-like growth factor proteins (dilps). There are 8 dilps in 

Drosophila, which signal through a shared receptor to regulate cell-autonomous 

growth through multiple mechanisms (see Chapter 1, Background). An additional 

level of regulation is provided by secreted proteins that antagonize IIS signaling 

at the level of the ligand. In vertebrates, these are insulin-like growth factor 

binding proteins, regulating IGF availability and function (Jones and Clemmons, 

1995). Imp-L2 in Drosophila is homologous to vertebrate IGFBP7 and acts to 

repress growth non-autonomously via the IIS pathway (Honegger et al., 2008). 

Imp-L2 directly binds both dilp2 and dilp5, the primary ligands for the IIS pathway 

(Alic et al., 2011). The secreted decoy of InR (SDR) physically interacts with 

multiple dilps and shares domains with InR (Okamoto et al., 2013). Both of these 

secreted antagonists have distinct expression patterns, indicating they play 
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specific roles in regulating levels of insulin signaling in different contexts (Bader 

et al., 2013; Okamoto et al., 2013) 

 In this chapter, we show Actβ regulates expression of a secreted insulin 

binding protein. We also find that Actβ regulates genes involved in the regulation 

of insulin signaling and growth and levels of metabolites involved in energy-

producing pathways. Surprisingly, one of these differentially regulated genes is 

likely not expressed in skeletal muscle, but in peripheral nerves closely 

associated with those muscles.  

3.2: Results 

3.2.1: Actβ regulates energy metabolism 

Actβ signals through dSmad2, a transcription factor, in the skeletal muscle to 

regulate body size (Chapter 2). To identify which transcripts are regulated by 

Actβ/dSmad2 signaling in skeletal muscle, we analyzed the transcriptome of 

muscle/cuticle tissue from two genotypes that have small body size phenotypes: 

Actβed80 mutants and mef2-Gal4>UAS, dicer2, dSmad2 RNAi (not shown). We 

identified 329 genes that changed in the same direction in both genotypes 

(Figure 1) (Appendix I). Using GOrilla (Eden et al., 2009), we identified enriched 

GO terms in transcripts from our samples with an alpha of 0.1. In the category of 

biological process, molecular process, and cellular component, we identified 30, 

15, and 15 terms, respectively (Tables 1-3, Appendix II). GO terms reflecting the 

cuticle were enriched, specifically: cuticle development, structural molecule of 

cuticle, and extracellular matrix. The tissue we used for analysis contained cuticle 

as well as skeletal muscle and assorted cells, so this is not surprising. 
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Additionally, GO terms related to metabolism were also enriched: mitochondrial 

lipid particle, fatty acid metabolic process, and fatty acid elongase activity. These 

and terms for the ribosome, mitochondrial small ribosomal subunit, mitochondrial 

large subunit, aminoacyl-tRNA ligase activity, indicate potential changes in 

ribosomal and mitochondrial function, which may be related to reduced growth in 

Actβed80 mutants. Of the 329 genes differentially regulated in Activin loss-of-

function genotypes tested, 9 were nuclear-encoded mitochondrial ribosomal 

subunits, and were down-regulated (Appendix III, data not shown).   

 We next asked if levels of metabolites were changed in Actβed80 mutants. 

Using GC/MS of whole animal samples from feeding mid-L3 Actβed80 mutants 

and stage-matched w1118 controls, we identified a significant reduction in several 

of the intermediates in the glycolytic pathway and lactic acid (Figure 2). The 

glycolytic pathway converts glucose intro pyruvate for energy, and in the absence 

of oxygen, produces lactic acid such as in muscle. We also found an increase in 

20- and 22-chain fatty acids in Actβed80 mutants compared to wild-type (Figure 3). 

Together, this indicates a change or defect in energy metabolism in Actβed80 

mutants. 

3.2.2: Actβ regulates IIS 

 Interestingly, we identified Imp-L2 as up-regulated in the absence or 

reduction of Actβ/dSmad2 signaling (Figure 4). Imp-L2 is a secreted protein that 

negatively regulates IIS and body size (Honegger et al., 2008). We next asked if 

Imp-L2 can decrease body size via effects on the skeletal muscle. We found that 

when overexpressed from the skeletal muscle using MHC-Gal4, body size was 
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reduced relative to controls (Figure 5). Next, we tried to knock down Imp-L2 

using multiple available RNAi lines using MHC-Gal4 or mef2-Gal4 drivers, but 

none had any effect on body size, even with UAS-dicer2 (not shown). 

 To identify the source of Imp-L2 detected in our transcriptomics, we used 

two isoform-specific Gal4 lines, each with the transcription factor knocked into a 

specific isoform of Imp-L2 (Bader et al., 2013). Despite reports of functional 

effects of Imp-L2 RNAi in adult skeletal muscle (Owusu-Ansah et al., 2013), we 

found no evidence of expression of Imp-L2 in the skeletal muscle (Figure 6), 

consistent with another previous report (Garbe et al., 1993).  We found that the 

Gal4 driver instead shows Imp-L2 expression in lateral bipolar dendritic neurons 

(Figure 6A-C) (Garbe et al., 1993), which are part of the peripheral nervous 

system with projections that appear to “touch” the skeletal muscle (Figure 6B). 

Together, these data indicate Imp-L2 may be a downstream target of Actβ, albeit 

indirectly, that regulates insulin signaling, growth and metabolism during larval 

development. 

3.3: Discussion 

 Actβ regulates gene expression involved in the mitochondria and fatty acid 

metabolism. In Actβed80 mutants, glycolysis and fatty acid-related metabolites are 

mis-regulated. Together, this indicates Actβ may play a role in regulating one or 

more of these types of energy metabolism. Actβ indirectly regulates levels of the 

IIS inhibitor Imp-L2, which is seemingly not expressed in the muscle, but in 

peripheral neurons. Imp-L2 is known to regulate lipid stores, which might explain 

the change in levels of 20- and 22-chain fatty acids in Actβed80 mutants. 
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Additionally, IIS is upstream of glycolysis in the skeletal muscle of zebrafish 

(Tixier et al., 2013). As Imp-L2 is upregulated and glycolytic intermediates 

downregulated in Actβed80 mutants, Imp-L2 may play a role in regulating the rate 

of glycolysis and thus growth downstream of Actβ. 

 Imp-L2 is expressed in lateral bipolar dendritic (lbd) neurons in the 

peripheral nervous system along the larval body wall (Garbe et al., 1993).  

The lbd neurons have dorsal dendritic projects that meet the base of the skeletal 

muscle and an axon that extends toward the CNS ventrally (Figure 6) (Gorczyca 

et al., 1994), as well as contacting the transverse nerve motoneuron (Certel and 

Thor, 2004). The position and connection of the lbd neurons provide a unique 

context for regulating muscle function via sensory input (Gorczyca et al., 1994). 

Little is known about the specific role of the lbd neurons themselves. However, 

when neuronal function was impaired with UAS-shits with a driver that includes 

the lbd neurons as well as longitudinal bipolar dendrites and dmd1, crawling 

behavior was disrupted, indicating they may play a role in CNS feedback from 

the muscle for proper motor movement (Hughes and Thomas, 2007). Future 

experiments will be required to determine the specific role of lbd neurons and 

their relation to insulin signaling, as genetic tools, such as a cell-type specific 

Gal4 line, are currently unavailable for this cell type. The sensory neurons of 

peripheral nervous system provide a powerful point of integration for 

environmental stimuli into regulation of growth and metabolism during larval 

development.  
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Figure 1. Transcriptome analysis of Actβed80 mutants and skeletal muscle-

driven dSmad2 knockdown finds 329 differentially regulated genes 

329 genes were significantly changed in only Actβed80 mutants, while 64 were 

changed only in the knockdowns. 
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Figure 2. Glycolytic intermediates and lactic acid are reduced in Actβed80 

mutants 

Intermediates in the energy-generating steps of the glycolytic pathway are 

significantly downregulated. Lactic acid, the output of this pathway, is also 

reduced. 

 

 

 

 

 

 

 

 

Figure 3. Fatty acid levels are increased in Actβed80 mutants 

20-chain and 22-chain fatty acids are significantly increased in Actβed80 mutants 

relative to wild-type controls. 
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Figure 4. Imp-L2 is upregulated in Actβed80 mutants  

Imp-L2 is upregulated in Actβed80 mutants and muscle-specific dSmad2 RNAi as 

measured by RNAseq (A) and in Actβed80 mutants, as measured by qRT-PCR 

(B). 

 

A B
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Figure 5. Imp-L2 from skeletal muscle can decrease body size 

Ectopic expression of Imp-L2 using a skeletal muscle-specific Gal4 driver is 

capable of decrease pupal volume. 
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Figure 6. Imp-L2-RA-Gal4 drives expression in lateral bipolar dendritic 

neurons in the peripheral nervous system (previous page) 

(A) Imp-L2-RA-Gal4 drives expression in the gut, peripheral nerves (lateral 

bipolar dendritic neurons), but is absent in the skeletal muscle. (C) Imp-L2-RA-

Gal4-expressing neurons are closely associated with skeletal muscles. (B) GFP+ 

neurons send projections that approach the skeletal muscle. Fluorescence 

intensity is due to exposure/gain differences between Middle and Bottom. m=M8 
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3.4: Materials and Methods 

For descriptions of rearing conditions, pupal size measurements, or microscopy 

materials and methods, see Chapter 2.4: Materials and Methods, page 70. 

3.4.1: Transcriptome analysis 

3.4.1.1: Sample processing and preparation 

RNA was isolated from carcass (skeletal muscle, cuticle and associated cells) 

using a tissue homogenizer in TRIzol, a phenol-chloroform extraction, and then a 

Qiagen RNeasy kit. The cDNA library was prepared by the University of 

Minnesota Genomics Center with TruSeq RNA v2 reagents (inserts selected for 

~200 bp). Nine barcoded libraries in a full lane were sequenced for 50 paired end 

runs on the HiSeq 2500 in Rapid mode, generating over 120M reads. 

3.4.1.2: Differential gene expression analysis 

In the Galaxy portal through the Minnesota Supercomputing Institute, FastQC, 

Trimmomatic, dmell-all-r6.02.gff, dm3_genes_2012_03_09.gtf, Tophat2, 

Cufflinks, Cuffmerge, Cuffdiff, and CummRbund were used to process and map 

reads. In R, an alpha of 0.01 was used as a cut off for significance for differential 

gene expression. 

3.4.2: Metabolomics 

Larvae were developmentally staged with a 3-hour egg lay and reared on apple 

juice plates with yeast paste with 30 larvae per plate. w1118 were taken at 96 

hours after egg lay and Actβed80 homozygotes were taken 3 hours earlier to 

compensate for their developmental precociousness. Larvae were rinsed, dried 
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and weighed before being flash frozen with liquid nitrogen and stored at -80 °C. 

Samples were sent to the Metabolomics Core at the University of Utah for gas 

chromatography-mass spectrometry (GC/MS) analysis. MassLynx 4.1 software 

(Waters) was used to collect the data. QuanLynx was used to identify 

metabolites and peak area. MetaboAnaylst 2.0 was used to perform downstream 

analyses, including statistics. Quantitative results were divided by sample mass 

to determine metabolite levels. 

3.4.3: Fly Stocks 

Stocks used were: Imp-L2RA-Gal4 (Bader et al., 2013), UAS-Imp-L2-wk and 

UAS-s.impl2 (Honegger et al., 2008) from Hugo Stocker and Earnst Hafen. 

Others were described in Chapter 2.4.2: Materials and Methods: Fly lines, page 

71. 

3.4.4: qRT-PCR 

RNA was isolated and prepared as described in Chapter 3.4.1.1 followed by 

Invitrogen Superscript III First Stand kit. Transcript levels were determined using 

Roche Light Cycler 480 Syber Green I kit on a Roche LightCycler 480II. PCR 

parameters were standard: pre-incubation at 95 °C for 5 minutes, amplification at  

95 °C for 10 seconds, annealing at 60 °C for 10 seconds, extension at 72 °C for 

15 seconds, and cool-down at 40 C for 10 seconds. Amplification, annealing, and 

extension were repeated for 45 cycles. ΔΔCT was used to determine fold 

change. Primers for Imp-L2:  

5’TTACATGTGTGCGCCTTAGC 

5’AGGTATCGGCGGTATCCTTT 
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Appendix I: Transcriptomics 

Table 2: Transcripts that changed significantly between Actβed80 homozygous 

mutants and w1118 controls. 

Transcripts shown here are with a 0.05 p-value cut off. 

Row Gene 

1 Aats-glupro 

2 abd-A 

3 Acf1 

4 Adk2 

5 AlCR2 

6 Aldh-III 

7 alpha-Est2 

8 alphaTub85E 

9 AR-2 

10 Arc1 

11 Arc2 

12 asparagine-synthetase,chb 

13 Atg8a 

14 Atg9 

15 Best2 

16 bnl 

17 bond 
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18 bor 

19 by 

20 Calx 

21 CaMKI 

22 CanA1 

23 cer 

24 CG10178 

25 CG10467,CG10469 

26 CG10550 

27 CG10570 

28 CG10660 

29 CG11267 

30 CG11299 

31 CG11300 

32 CG11321 

33 CG11345 

34 CG11670 

35 CG11796 

36 CG11811 

37 CG11961 

38 CG12075 

39 CG1208,glob3 
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40 CG12207 

41 CG12607 

42 CG12730 

43 CG12880 

44 CG12991 

45 CG13003 

46 CG13067 

47 CG13230 

48 CG13284 

49 CG13323 

50 CG13624 

51 CG13722 

52 CG13748 

53 CG13827 

54 CG13850 

55 CG13877,Kaz1-ORFB 

56 CG13937 

57 CG14017,GluRIIA 

58 CG14105 

59 CG1441 

60 CG14419 

61 CG14590 
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62 CG14642,CG34305 

63 CG14869 

64 CG14971 

65 CG15098 

66 CG15251 

67 CG15279 

68 CG15282 

69 CG15358 

70 CG15414 

71 CG15531 

72 CG15554 

73 CG1572 

74 CG16721 

75 CG1707 

76 CG17086 

77 CG17105 

78 CG17124 

79 CG17181 

80 CG17278 

81 CG17290 

82 CG17374 

83 CG1753 
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84 CG17560 

85 CG17562 

86 CG17618,CG6982 

87 CG17734 

88 CG17738 

89 CG17839 

90 CG17974 

91 CG18031 

92 CG18136 

93 CG18336,CG42336 

94 CG18549 

95 CG18619 

96 CG2010 

97 CG2016 

98 CG31075 

99 CG31157 

100 CG3119 

101 CG31229 

102 CG31313 

103 CG31357 

104 CG31705 

105 CG31874,Sur 
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106 CG32154 

107 CG32191 

108 CG32267 

109 CG32364 

110 CG32428 

111 CG32626 

112 CG32772 

113 CG33110 

114 CG33123 

115 CG34365 

116 CG3568 

117 CG3803 

118 CG3940 

119 CG40006 

120 CG40178 

121 CG40198 

122 CG4020 

123 CG40486 

124 CG4080 

125 CG42258 

126 CG42259 

127 CG42353,CG42354 
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128 CG42500 

129 CG42798 

130 CG42817 

131 CG4306 

132 CG4420 

133 CG4484 

134 CG4576 

135 CG4666 

136 CG4679 

137 CG4686 

138 CG4743 

139 CG4822 

140 CG4825 

141 CG4882 

142 CG4893 

143 CG5278 

144 CG5323,CG5327 

145 CG5326 

146 CG5346 

147 CG5391 

148 CG5535 

149 CG5567 
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150 CG5646 

151 CG5656 

152 CG5676 

153 CG5687 

154 CG5955 

155 CG6006 

156 CG6045 

157 CG6084 

158 CG6126 

159 CG6206 

160 CG6293 

161 CG6404 

162 CG6414 

163 CG6426 

164 CG6654 

165 CG6660 

166 CG6701 

167 CG6770 

168 CG6783,sea 

169 CG6903 

170 CG6928 

171 CG7272 
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172 CG7294 

173 CG7465 

174 CG7523 

175 CG7638 

176 CG7841 

177 CG8083 

178 CG8193 

179 CG8303 

180 CG8398 

181 CG8494,CG8503 

182 CG8531 

183 CG8563 

184 CG8586 

185 CG8646 

186 CG8801 

187 CG9044 

188 CG9147 

189 CG9194 

190 CG9312 

191 CG9328 

192 CG9336 

193 CG9339 
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194 CG9451 

195 CG9458 

196 CG9486 

197 CG9498 

198 CG9512 

199 CG9674 

200 CG9757 

201 CG9795 

202 CG9914 

203 CHKov2 

204 Cht3 

205 Cht5 

206 Cpr49Ac 

207 Cpr49Ae 

208 Cpr49Af 

209 Cpr49Ag 

210 Cpr65Av 

211 Cpr65Aw 

212 Cpr65Ax2 

213 Cpr67Fa1 

214 Cpr67Fa2 

215 Cpr78Cc 
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216 Cpr78E 

217 Cyp4c3 

218 Cyp6d2 

219 Dbp80 

220 drongo 

221 Dyb 

222 Dyrk3 

223 Ect3 

224 eEF1delta 

225 EfTuM 

226 Eip71CD 

227 Fbp1 

228 fok 

229 gfzf 

230 gk 

231 GluRIIB 

232 Gpo-1 

233 Gs1 

234 GstD1,GstD9 

235 GstE1 

236 Hk 

237 Hlc 
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238 Hsc70-5 

239 Hsp60 

240 Hsp68 

241 HspB8 

242 htt 

243 Idgf3 

244 Idgf4 

245 ImpL2 

246 Jheh3 

247 JhI-21 

248 kar 

249 KrT95D 

250 l(2)efl 

251 l(3)82Fd 

252 lama 

253 LamC 

254 Lcp65Ae 

255 Lcp65Af 

256 Lcp65Ag1 

257 lectin-22C 

258 lectin-28C 

259 lmd 
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260 Mdh 

261 Mhcl 

262 mre11 

263 mRpL12 

264 mRpL14 

265 mRpL3 

266 mRpL39 

267 mRpL54 

268 mRpS10 

269 mRpS11 

270 mRpS24 

271 mRpS30 

272 MtnA 

273 Ndg 

274 Oat 

275 Paip2 

276 PH4alphaMP 

277 PH4alphaNE1 

278 plx 

279 pncr009:3L 

280 Ppt2 

281 Prestin 
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282 PRL-1 

283 proPO-A1 

284 Pur-alpha 

285 Pxn 

286 pyd 

287 qvr 

288 Rcd2 

289 rdgC 

290 Rel 

291 Ret 

292 Rgk3 

293 RluA-1 

294 Rya-r44F 

295 sals 

296 scyl 

297 sec63 

298 Smyd4 

299 sog 

300 Sox14 

301 Sp212 

302 Spn100A 

303 SrpRbeta 



 123 

304 su(r) 

305 Tab2 

306 tal-1A 

307 Tapdelta 

308 TepIV 

309 th 

310 Thor 

311 Tim8 

312 Timp 

313 toc 

314 Tom40 

315 Treh 

316 Tret1-1 

317 Tsp42Eh 

318 TwdlO 

319 TwdlP 

320 UbcD6 

321 Ubi-p5E 

322 Ugt36Bc 

323 unc-13 

324 usnp 

325 v(2)k05816 



 124 

326 vri 

327 w 

328 yellow-e 

329 yps 
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Appendix II. GO analysis 

Table 3. Biological process terms 

 

GO term Description P-value 

FDR q-

value 

GO:0040003 chitin-based cuticle development 6.63E-07 3.85E-03 

GO:0042335 cuticle development 1.36E-06 3.96E-03 

GO:0016053 organic acid biosynthetic process 2.10E-05 4.06E-02 

GO:0046394 carboxylic acid biosynthetic process 2.10E-05 3.04E-02 

GO:0006633 fatty acid biosynthetic process 4.93E-05 5.73E-02 

GO:0072330 

monocarboxylic acid biosynthetic 

process 7.37E-05 7.13E-02 

GO:0030497 fatty acid elongation 1.17E-04 9.68E-02 

GO:0019752 carboxylic acid metabolic process 1.33E-04 9.64E-02 

GO:0044283 small molecule biosynthetic process 1.40E-04 9.04E-02 

GO:0043436 oxoacid metabolic process 2.61E-04 1.51E-01 

GO:0006082 organic acid metabolic process 2.61E-04 1.38E-01 

GO:0000422 mitochondrion degradation 2.69E-04 1.30E-01 

GO:0006032 chitin catabolic process 6.67E-04 2.98E-01 

GO:1901564 

organonitrogen compound metabolic 

process 7.28E-04 3.02E-01 

GO:0044281 small molecule metabolic process 8.53E-04 3.30E-01 
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GO:0006626 protein targeting to mitochondrion 8.88E-04 3.22E-01 

GO:1901072 

glucosamine-containing compound 

catabolic process 8.88E-04 3.03E-01 

GO:0046348 amino sugar catabolic process 8.88E-04 2.86E-01 

GO:0043555 

regulation of translation in response to 

stress 9.28E-04 2.84E-01 

GO:0043558 

regulation of translational initiation in 

response to stress 9.28E-04 2.69E-01 

GO:0010998 

regulation of translational initiation by 

eIF2 alpha phosphorylation 9.28E-04 2.57E-01 

GO:0015766 disaccharide transport 9.28E-04 2.45E-01 

GO:0015772 oligosaccharide transport 9.28E-04 2.34E-01 

GO:0097340 

inhibition of cysteine-type endopeptidase 

activity 9.28E-04 2.24E-01 

GO:0097341 zymogen inhibition 9.28E-04 2.15E-01 
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Table 4. Molecular function terms 

 

GO term Description P-value 

FDR q-

value 

GO:0008010 

structural constituent of chitin-

based larval cuticle 9.13E-08 2.24E-04 

GO:0005214 

structural constituent of chitin-

based cuticle 9.92E-08 1.22E-04 

GO:0042302 structural constituent of cuticle 1.69E-07 1.38E-04 

GO:0080019 

fatty-acyl-CoA reductase (alcohol-

forming) activity 6.06E-07 3.71E-04 

GO:0016620 

oxidoreductase activity, acting on 

the aldehyde or oxo group of 

donors, NAD or NADP as acceptor 9.10E-07 4.46E-04 

GO:0016903 

oxidoreductase activity, acting on 

the aldehyde or oxo group of 

donors 1.51E-06 6.16E-04 

GO:0004312 fatty acid synthase activity 1.84E-06 6.44E-04 

GO:0016491 oxidoreductase activity 3.09E-05 9.46E-03 

GO:0005198 structural molecule activity 7.49E-05 2.04E-02 

GO:0009922 fatty acid elongase activity 8.46E-05 2.07E-02 

GO:0004568 chitinase activity 8.88E-04 1.98E-01 
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GO:0004097 catechol oxidase activity 9.28E-04 1.90E-01 

GO:0036264 dopamine monooxygenase activity 9.28E-04 1.75E-01 

GO:0036263 L-DOPA monooxygenase activity 9.28E-04 1.63E-01 

GO:0015930 glutamate synthase activity 9.28E-04 1.52E-01 

 

Table 5. Cellular components terms 

GO term Description P-value 

FDR q-

value 

GO:0044429 mitochondrial part 1.17E-08 1.13E-05 

GO:0031012 extracellular matrix 3.20E-07 1.55E-04 

GO:0005811 lipid particle 1.25E-06 4.04E-04 

GO:0000314 organellar small ribosomal subunit 1.54E-06 3.71E-04 

GO:0005763 mitochondrial small ribosomal 

subunit 

1.54E-06 2.97E-04 

GO:0000315 organellar large ribosomal subunit 4.33E-06 6.98E-04 

GO:0005762 mitochondrial large ribosomal subunit 4.33E-06 5.98E-04 

GO:0005785 signal recognition particle receptor 

complex 

3.59E-05 4.34E-03 

GO:0000815 ESCRT III complex 1.27E-04 1.37E-02 

GO:0031974 membrane-enclosed lumen 3.12E-04 3.02E-02 

GO:0043233 organelle lumen 3.95E-04 3.47E-02 
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GO:0070013 intracellular organelle lumen 3.95E-04 3.18E-02 

GO:0000323 lytic vacuole 6.82E-04 5.07E-02 

GO:0005764 lysosome 6.82E-04 4.71E-02 

 

Appendix III: Metabolomics 

Table 6: Metabolites that changed significantly between Actβed80 homozygous 

mutants and w1118 controls  

Metabolites shown here are with a cut off of 1.5 fold change and p-value of 0.05. 

Highlighted metabolites are featured in text. 

Name Fold Change 

A/WT 

log2(fold 

change) 

p-value 

kynurenine 7.2597 2.8599 2.13E-07 

lactic acid 0.56933 -0.81267 1.00E-06 

homoserine 0.50902 -0.97422 1.43E-06 

lauric acid 1.633 0.70749 3.96E-06 

5-hydroxyindoleacetic 

acid 

1.5894 0.6685 4.39E-06 

mannose 0.50982 -0.97194 3.22E-05 

galactose or mannose 0.48807 -1.0349 3.38E-05 

tryptophan 1.5202 0.60424 5.00E-05 

histidine 1.6394 0.71313 8.82E-05 

2-aminoadipic acid 2.1145 1.0803 1.02E-04 
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threitol? 0.41544 -1.2673 5.66E-04 

aspartic acid 2.1902 1.131 6.37E-04 

kynurenic acid 1.59 0.66898 6.95E-04 

uric acid 0.34534 -1.5339 7.12E-04 

fumaric acid 1.5032 0.58805 8.45E-04 

ribitol or xylitol 0.2442 -2.0339 0.001083 

22:0 FA 1.7993 0.84746 0.001532 

fucose 0.11675 -3.0985 0.002019 

pyruvic acid 0.45859 -1.1247 0.002191 

sarcosine 0.57416 -0.80047 0.002473 

sucrose 0.41577 -1.2662 0.002681 

2-hydroxyglutarate 0.58113 -0.78307 0.003412 

phosphoenolpyruvate 0.50161 -0.99535 0.003575 

sorbitol 0.65645 -0.60725 0.005083 

20:0 FA 6.1386 2.6179 0.009377 

3-phosphoglycerate 0.63627 -0.6523 0.009888 

gluconic acid 0.63571 -0.65356 0.010643 

2-phosphoglycerate 0.64365 -0.63566 0.014019 

galacitol 0.37967 -1.3972 0.014704 

hypoxanthine 0.6225 -0.68384 0.031137 

 


